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OT PEJAKTOPA NEPEBOJIA

Raxpnit aktnBHO pabortamomuii Gu3HK-TEOPETHK CTAJ-
KuBaerca ¢ TeMm, uro P. Ilafiepac masBaa cropupumsamu.
IIpeskne wem HawaTh BHIYACIATH, TEOPETHK OGHYHO 00My-
MHIBaeT 3ajady: He TOJHKO ee MOCTAHOBKY, HO M BO3-
MOKHH# OyTh pelleHHs, KaK IpaBmio, Tpebynomuil cy-
IMIeCTBEHHOI0 YUPOINeHW:S 3afadd; jejaeT OPUKHIKH, M-
TaeTcA MOJYUHTH POIIeHWe (Ha HaJbIaX», CTAPAeTcsa «yra-
mate» orser. VM ToaBKO mOCie STOr0 NpEHEMAETCH 33
crporoe pemenne. Horpa ske pemenwme 3ajgaum moJIydeHq,
HAaYMHAETCA WHOTZA MOBOJBHO MYYHTENbHOE CPABHEHHE
peayabrarta ¢ TeM, YTO 0’KHJAAIO0CH. ITOT STAN HEPEAKO IPH-
BOAMT K IOJHOMY HepecMOTDY pPOIIeHHsd, TAK KaK BHISC-
HAETCH, 4TO OYyTh, KA3aBIIMHACA CTPOTHM, IOOPOCTY He-
BepeH.

Ho GriBaer, BHACHsAOTCA, 9TO KAY€CTBEHHOE PacCMOTpe-
HEe He BIOJHe aJeKBATHO PeINeHWIO 3a/ja4é B ee CTPOroi
dopmyampoBke. ITO 03HAYAOT, UTO B PEIIEHMH CKPHITH
HEO)KUJaHHOCTH — CcIOpmpm3kl. Jamie Bcero, asTop, cum-
Tag He OompaBfaBImee ce0sf KaYeCTBOHHOE PacCMOTPeHHe
AMYHOH Heyjfade#, cTapaeTcd BHTECHATH €ro U3 CBOEro
CO3HAHHA, HAWTH [APyTHe CJIOBA [JA ONMCAHHA TOro, 4TO
JMOJHKHO MOJYYMTBCH M KAKAM IyTeM (CKajkeM, QA BE-
CTYIIGHHA HAa COMHHApe WM AJIs BBeJeHUA B CTATHIO).
Bce, 4ro mpeamecTBoBaNO DEIIEHHMIO, OCTAETCA OPH ITOM
HeHM3BECTHHRIM UMTATeNAM mim crymarensaM. OdueHsL pefko
yaaercsa ycanmarh (IPOYecTs — HPAKTAYECKH HHKOTA)
0 HeYMaYHHX, HO HA IEePBHA B3IJIAN eCTeCTBEHHHX pac-
cyxaeHuAX u omeHKaXx. C Apyroi CTOPOHH, ACHO, 9TO
CpaBHeHEE IpeBapPHUTEJbHEX CO00parKeHUuH ¢ HPaBHILHEIM
pemeHNeM O4YeHb IHOYIMTEIHHO, IPABJA, €CJIM CPaBHEBAIO-
muii o6ragaeT AOCTaTOYHO OOJBIIAM ONEITOM (U3MKA-
TEOpeTHKAa, HCCHeoBaTead W Hefarora.



Pynonsd Ilaiiepiac, HECOMHEHHO, TAKEM OIETOM 0671a-
maer. B mpeamcioBEmm OH 3amedaer: «...pasbop TarkmEX
CIOPIPHE30B MOkeT moModYb m36exaTh OmuGOK HOPH pelre-
HEX HOBHIX 3aja4, DOKASHBAA, KAKOTO0 THIA HpPOGIeMEl
MOTYT BOBHHKHYTH». Boxee Toro, kamra «Copupuss B Teo-
permueckoil pmsmke» Kak O OTKPHBAeT JBeph B TBOPIE-
cKyl0 TabopaTopEi0 OAHOTO M3 KDPYyHHeHIAX (H3AKOB-
tdopetukoB XX BeKa, HOMOTraer paso6partscA B CaMOM
Imporecce TBOPYECTBA. VI3BeCTHO, HACKONBKO Jerde IpuoG-
pectn mpodeccHoHATbHLe HABHKH, HENOCDPeJCTBEHHO 00-
masach ¢ AKTABHO PaboTalIMM CHeNHAAIACTOM, a He orpa-
HuI@BafACh yreHHeM ydeGHmKoB m crareil. Hmmra P. Ilait-
epJiica B KAKO#-TO Mepe MOKET 3aMEHUTH HEIIOCPe/ICTBeHHOe
oGmeHne: B Hee BOILIO TO, YTO PEKO HOSABIAETCH B OpPH-
TMHAJABHEIX CTaTHAX.

Pynonsdy Ilaitepacy 80 mer. Om paGoran Bo MHOrAX
o6GracTax Teopermueckoil pusukn. G rpycTbio HPEXOAMT-
¢s1 KOHCTATHPOBATh, 9TO BCe MEHBIIE OCTAETCH TAKHX, KaK
IMaitepic — ¢u3HKOB-IHIHEKIONEACTOB, TEOPETAKOB, HE
OTpDaHAYEHHHX CDAaBHATeABHO  y3Koi o6macteio  dum-
3UKHA.

Io.rydYeHHEe IM Pe3yAbTATH , KAK A IPABe/IeHHEIe B 9TOH
fHure ClOPIPH3H, OTHOCATCH K CAMBIM DasmmYHEM 06i1a-
craM TeopeTmyeckoi ¢usmkm. P. llafiepic BBen B ¢usuKy
TBEPJOTO Texa mpoIeccs nmepe6poca, B TEOPHE AHCIOKATAME
cymecrByer cmia Ilafiepica, OH 3aHEMAJCs Teopueld Anpa
X OCHOBAHMAMU KBAHTOBOH SIEKTDPOJMHAMHKM, €Tr0 Iepy
IPEHAJIE;KAT OJHA A3 IEPBEHX MOHOrpaguii mo KBaHTOBOM
TeopuH TBEPAOrO Texa, OH (COBMECTRO ¢ 0. Oprumem)
omenma KpuTmiecKyio Maccy U-235.

P. Haitepnac BeopHOKpaTHO OHIBaiI B COBETCKOM Corose,
BHCTYIAX ¢ gokaajmamu ¥ jaexmumamu. Eme B 30-e romm
HeCcKOJbKO pas mpmes:kan B Jlemmmrpag. Tam sxemmics.
Maiteprc npysxun ¢ Jlampay. ¥ HEX eCTh [iBeé COBMECT-
HEHe paboTH.

Iepesons «CiopIpHE3EN, MBI CTAPAIKCH II0 BOBMOKHOCTH
GepesKHO OTHOCHTHCS K TeKCTy. B 4acTHOCTH, OITH COBCEM
He [06aBIAIA IPAMEYAHAN, XOTH, 6CTECTBEHHO, IPAKTAYe-
CKH BCE PACCMOTPEHHHI® 3aJIaUl 3a FOJHI IIOCHe HX IOABIe-
Hus «o6pocam» mureparypoit. Opme OOmEA coBET IMTATE-
JsM, KAK HaM KajKeTcs, CleflyeT aTh: eCIH BHl 3aXO0THTE
yray6uTh cBOM 3HAHAA B 007acTH, KOTOPOX HOCBAMEH
«ciopupus», mpexze Bcero obpararecs k «Hypcy Teopern-
veckoit Qusukm JI. . Jlagnay m E. M. JIngmma (gacTo
3TO COBeTyeT W AaBTOP): IPEHNEO NOAXOAAa K 3ajadaM
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TeopeTmYecKoil ¢usmKm, CTHAb paccy:kpemmit Ilaiepica
o9eHb Oam3Kkm K TakoBHM Yy Jlammay m Jlmdmmma.

HKuura «Cropnpuss B Teopernueckoil ¢msmkxe» He Moria
6bl DOSIBETHCA B PYCCKOM HepeBofe, ecim On He Ho0pose-
naTeabHOE OTHOuIeHHe aBTopa. OT wmMeHu pegaxkTopa
cepru «Bubamorexa reopermueckoit pusmkm» . B. Illmp-
KOBA M CBOETO BHPaKAI0 HCKPEHHIOK 0;1aTofapHOCTH
P. IMaitepacy. OcoGerHO Hac pagyer, 4TO, BOCHOJH30BaB-
mECh CBOMM 3HAHHEM PYCCKOTO fS3HKA, aBTOP HMPOCMOTPEI
mepeBof.

ITepeBoy kmmrm Bumoxner U. M. Karamosoii. Pyko-
oach nepesoga mpoumran JI. II. IluraeBckuit m BHEC paAx

moJIe3HHX mcupaBiaeHunA. ME oveHs GiarogapHs emy 3a
IOMOIIb.

M. H. Kaeanos



OT ABTOPA K PYCCKOMY HN3JAHHUIO

fI mpmBercTByI0 HyGIMKANMIO HA PYCCKOM A3HIKE MOHX
«Ciopnpr30B B TeopeTmyeckKoid ¢usmke»r W TPU3HATEJCH
nepesogueky V. M. KaranoBoit m pemakropy mpodeccopy
M. 1. KaragoBy 3a mepeBoji, B KOTOPOM YJAJ0Ch COXpa-
HATh [AyX OPHTHHAJA.

AHTImicKA# TekeT OB, KAaK MHE KajKeTcs, Temio
NPUHAT aCOMPAHTAME H CTAPIIMM HOKOJeHUueM QU3MKOB.

Mo cytu, paccMOTpeHHEe 31ech 3a/adu HPOJ0JIKAIOT
MBYIaTHCH, B B CBASH C ITUM IOsBIANTCA HOBBE CIOPIPH-
361, OCOGEHHO HTO OTHOCHTCA K mpobieme mMIyabca GoHO-
goB. Hak s m mpefckassBajll B KOHIle paspeia 4.2, naxn-
HeffIie CIOPIPASH BO3MOKHH, €CJIH yIHTHBATL HeIMHe-
goctu. COOTBETCTBYIOMAA CCHIIKA fo0aBieHa K PYCCKOMY
TEeKCTY.

I majeroch MOATOTOBUTH BTOPYIO KHATY, KOTOpas Gyzer
cojiepykath 0oJibIe IpUMEPOB X HOBHIE CIOPOPHS3H, OTHO-
cAmuecs K 3afadaM, BKIIOYEHHKM B DTy KHATY.

Oxcdopn, despaxp 1987 Pydoavgp Iaiiepac



NPENUCIOBUE

Jra KHATA OCHOBAaHA HA JEKIOUAX, NPOYATAHHEX
B Bammurronckom ymmsepcurere (CmaTa) Becmoit 1977 r.
n B Uncraryre anepHoi pusuru [lapmsxckoro ynmsepcure-
ta (Opce) sumoirt 1977—1978 rr. Llenp 5Tux nermmi —
OPUBECTH DAJ HPEMEPOB, B KOTODHX OKHJaeMHIil, Ka3a-
a0ch OH, mpaBAoOmOAOGHEIA, OTBET He HOATBEPIMJICA NpPH
Oonee TmarTenbHOM aHaAm3e. B HEKOTOPHX ciydasx pe-
BYJIbTAT BHYUCICHHN IPOTHBOPEUAT BRIBOJAM, K KOTOPHIM
npusogut Quamueckad HMHTYmOusa. B apyrmx mpmmepax
npubiuKeHre, KOTOPOe BRIIIAMAT yOeIuTeIbHHM, OKa-
3nBaeTcA Heo0OCHOBAHHHM WJIH, Hao00pOT, aJeKBAaTHHIM
OKa3LBaeTCH upulbiadkeHme, IpPeACTaBiIA0meecs HeoGoc-
HOBaHHEIM.

B mom maMepeHms He BXOAMIO, OMHAKO, CO3ATh BIETAT-
JeHEe, YTO TeopeTHuecKas QU3EKA — asapTHaA HUrpa,
B KOTOPOil HEKOT/Ia HeJIb3A OPeyrajfaTh, K KAKUM CIOPOpH-
3aM TpHUBERYT AeTaidbHHe BHUncienusa. HaoGopor, Bce
o6cy:KaeMEHe (CIOPIPH3E» HMET PanuoHAIbHOe 00BsIc-
ReHme, B GOJNBIIMHCTBE CIydIaeB OY6HH HPOCTOe — IO Kpaii-
Heil Mepe B mpumHNuNe. J[pyruMe ClIoBaMH, HOOKHJAHHO-
cTeil He BO3HMKJIO OH, eciu Ok 3agada GhIa mpogyMaHA
mocraTo9HO TayGoko 3apamee. IloaTroMy pasGop Takmx
CIOPIPA30B MOKET IOMOYb H30eKATh OIHEGOK IPK PeITeHrn
HOBHIX 3a/la4, DOKA3HBasg, KAKOTO TUHA HPOGIEMH MOTLYT
BOBHUKHYTb.

llog6op nmpumepor ouens cyOGnektmBen. C Gonxpmme-
CTBOM PAaCCMOTPEHHHKIX CIOPIPH30B CTOJKHYJICA A CaM WK
MOH COTPYRHHKH, IPYTHe HOKA3aJUCh MHO 3aHHMATEILHA-
MH1, KOT/{a A yCaumaa npo aux. Her comuennii, aTo cnmcox
CIOpHPH30B MOT O GHITH 3HAYMTENIHHO PACHIMPEH, OFHAKO
n1106ad DOOKNTKA KOCTHIb IOJHOTH HAHECET HeNONpPaBHMEIR
YPOH Iexm 3THX JOKIAA H 5Toi HeOOJLINON KHATA —
IpUBECTH INPUMEpPH M HEMHOTO PasBJIeYb.



TIpameps B3ATH M3 MHOTHX DPa3feioB TeOPETHIECKOI
(U3HKN, B OCHOBHOM M3 KBaHTOBOH (H3MKHM, HO B Ka:KJOM
caydae S CTapajicad AOCTATOYHO IOJHO OOPHCOBATH IOA-
OILIEKY fejia, 9T00H M3j0enne GHIIO MOHATHO 0e3 crend-
aJdpHHX 3HaHMH. IIpmMmepnl crpynnupoBaHH IPHOIH3H-
TEIbHO B COOTBETCTBHH C o0iacTaAMH (U3NKH, K KOTOPHM
OHH OTHOCATCA, OJHAKO OTAEJbHbIE TeMH BHYTPH KayKAOU
rPYNOE HMEIT MAJIO0 CXOACTBA M MPAaKTHIECKH HE CBA3AHEI
MEKAY COO0O0M.

Wpnesa nyOamkanum JeKNuA B BUAe KHATH IOABHIACH
B pesyJbTaTe TEIIOr0 mpmeMa ayAWTopHeil, cocToAaBmIed
KaK M3 MOJOJKIX M ONBITHHX TEOPETHKOB, TAK M dKCIIepH-
MEHTaTOPOB, MHTEPEeCYIIMHXCA Teopueid. MEorne um3 HumX,
xak B Cmorie, tak m B Opce, 3agasanmm OTHOCANIMECA
K JleJly BOIPOCH MJIM BEIIBATAJH BO3PaKeHHA, KOTOPHE
MOMOTJIM TPOSACHATh Ba)kKHHE MOMEHTH. Mmue o0c00eHHO
3aMOMHHJNCH KOHCTpYKTHBHEE 3amedanus H. Aycrep-
ga, B. [Jomanu, B. flukosnua u K. Maptu. fI Tak:xe Gxa-
rogapes Hopmany AycrepRy 3a IOJe3HYI0 KPHUTHKY Ha-
nucagHoro TeKcra. Ilpm HanncaEmE OCHOBHOM YaCTH KHUTH
A moap3oBajica rocrenpuumcrsoM OTpesneEnd TeopeTHue-
ckoit ¢mamkm Vmcruryra smepuoit ¢usamkm B Opce.



1. OBIIAAA KBAHTOBASI MEXAHUKA

1.1. BopHoBckoe mpuGamxenne
ANA KOPOTKOJAelCTBYIOINEro B3auMoAeiicTBUSA

Boprosckoe npu6amxerme — xopomo wmasecTHoe m
ynoGHOe mpmGIm:KeRWe AA pemeHAA 3amaw paccesnus,
Omo Tak wacro okasnBaercs AOCTOBEPHEIM HMJHA, IO Kpaii-
Hell Mepe, THYOPMATHBHEIM, 9TO ME CKJIOHHK IO NPABHYKE
OPUMEHATh WIeH NEePBOTO MOPAAKA ITOTO NPUGIMKeHms
0e3 JOMIKHOM LPOBEPKH yCIOBUE ero IPAMEHNMOCTH.

PasymeeTcs, ME, BepOATHO, OCTAHOBEMCH & IpoBepuM,
He OPUBOJUT M HCIOIb30BaHHE IEPBOTO UIeHa 60PHOBCKO-
ro npubamKenns k 60abIMOMY CABHATY a3k, Tak KAk Golb-
0¥ CABHT has3kl, 09€BUHO, He MOKET GHITH BRIBBAH CJI1aGEIM
BO3MYyMAaKMUM NOTEeHNHAJOM. BosHmkaer mckymenme
FOBEPATH NPHOGIMKEHNIO, eCIM OHO NMPeJCKA3HBACT MaJIEL
CABAT (a3hl MJH €CIM MH 3HAeM, 9T0 HMCTHHHEL CIBUT
dass man. OgEako HE OZHO M3 DTHX YTBep:KAEHUH He AB-
JAAETCA [OCTATOYHBIM [Jii O0GOCHOBAHHA IPHMEHMMOCTH
IIePBOro G0PHOBCKOTO NPHGIMKEHHS, U 3TO 0COGEHHO BasK-
HO B Cjiy4yae KOPOTKOJEHCTBYIOIMMX CHI.

Hasa Toro 4T06s mposcEUTH cuTyanuUio, HAOOMHHAM, UTO
B IepBoM GOpPHOBCKOM MPHGIMKERNN aMIIATYRa pacces-
HHA paBHA

Ap=— 5= (D | U | D}, RS

IAé m — Macca paccemsawomeiics gactugs, U — paccen-
Baomuii noternuan, a ®; m O; — mrockme BOJIHEI, COOT-
BeTCTBYIOMMe HAYaJAbHOMY M KOHEYHOMY COCTOAHHAM.
C nmpyroit cropoms, Toumoe BEIPDAKEHME /IS aMILIATYHH
paccesHHA ecTh

A= — 5 (D4 | U |, (1.1.2)

The P; — HOJHOe DPemeHne ypaBHEHHSA IIpenuarepa npy
SaJAHHOM MOTeHNHale, COAePIKamee M MAAAIOMYI0 H pac-

11



CeAHHYIO BOIHH. Bo3HuKaer co6ia3H CHeIaTh 3aKI0YeHHE,

4T0, ecim paccesnme ciaaGoe, oramdaue Mexpy D; m P;

OOMKHO OHTh MandkiM, a Bepakenme (1.1.1) — mpmemie-

Mmoe npubamxernme mia (1.1.2). Itor BuBOX HeGe3omaces,

0COGEHHO [JA KOPOTKOAEHCTBYIOINEro IOTeHNHAaja, Io-

CKOJIbKY CIpPaBeNJIMBOCTh HPHUGIM)KEHHA 3aBHCHT OT CTe-
174 ;.
Py

1.1. PapmanbHEe BOJIHOBHIE

¢,  GYHKOUE NpE s-PACCOAHMM B

KOpOTKORBﬁCTByIO]I(eM OTTAJIKHA-

BaTeJIbHOM IIOTOHOHUAJIE U: cBo-

6opmoit gacTuon (®y) ® TouHO-
ro pemenus (V)

T

mean Gamsoct:m P; u D; mmenmo B obmacTm [edcTBHA
IOTeHIAAJIA.

Ecau pagmyc peificTBAA mOTEHNHAANAa MaJ B CPAaBHEHHH
€ JINHOM BOJHE, TO B OCHOBHOM MMEET MECTO S-PaCCeaHMe,
Torpa mpuBeJeEREe BHIIE COOTHOIIGHMA MOKHO 3aMEHHTD
BHIPaKeHH AMU

ksin63=——;—';—‘g D dr, (1.1.3)
(1]

ksind = — - { @0 dr, | (A4

rpe § — cosur ¢asw, 8p — ero smaueHnme B mepBoM 6op-
HOBCKOM mpubiamsxennu, a @, u P, — paguajbHbe BOIHO-
BHe (YyHKOuH (BKIOYAIOmMUE OOKYHHEIN MHOMKHATONb T).
Ha pmc. 1.1 xagecTBeHEHO H300paskeHH 3TH QYHKINA B KO-
POTKOZEHCTBYOMEM  OTTaJKABATeJILHOM  IOTEHIHAJe.
B sToM mpumepe ¢aza § Mand, a P, HE3SHAYUTEIHHO OTIH-
gaerca ot @, npaxkTEIeCcKH Beane, Kpome 06JaCTA MAJEX T,
rae o6e pyHKOME MaJs, OfHAKO P, ropasao menbme D;
HO 9TO KaK pa3 Ta oGmacTs, rjae moternuan U gocraToumo
BeJIMK, M II09TOMY HMMEHHO 3Ta 00JacTh IaeT OCHOBHOM
Bkaag B mHTerpax (1.1.4).

PaccmoTpuM, Hanmpumep, OPAMOYTOIBHEI NOTeHOHAIb-:
HHIA Gapsep BecOTH B um pagmyca a. Torma casur gasst §
S-BOJIHHL OIPEAeNAeTCA M3 ypPaBHEHHA

tg (ka+-8) _ tg Ka
2 t8 _ lefs (1.1.5)

12



rae k — BOJHOBO€ YHCJIO pacceunammeﬁcn gaci1umel, a
2m
K2=k2——hT B. (1.1.6)

3ragepne K mosxker OHTh m MEAMEM. Ecaa paguyc a ro-
‘pasjio MeHbINe AJMHE BOXHH, T0 ka << 1. B arom ciyuae
BHE 3aBHCHMOCTH OT moTemmmaina U cisur ¢assr § Taxike
MaJ, W MOKHO ammpokcummposars pemenme (1.1.5),
moJiarasf

8 =ka( g _4). (1.1.7)
Ecan u Ka Mano, To tg Ka MOXXRO DPa3yIoKATbL U
A (1.1.8)

rae Op — sHageHme capura $as3sl B ImepBOM GOPHOBCKOM
OpubamxerEnn. JTOT Pe3yabTAT CIPABEIJIUB, €CIH

2n Bar<1, (1.1.9)

n torxa snavenme 8 (1.1.8) Tem Goxee maid.

Onmako ecam h2/2ma? < B < K*/2mka?®, 1o, x0TA 6op-
HOBCKHI chBur gassl MO-IPeKHEMY MaJi, OH He NaeT mpa-
BUJBHOTO oTBeTa. Takum o6pas3oM, 5TO mpuMep CHTyamnud,
npa KOTOPO#M MAall H HCTHHHHE cABuT (as3sl, ¥ CHABUT
¢assl, paccaMTaHHBIA C HOMOI(BI0O MEPBOTO 60pPHOBCKOTO
opuGaMiKeHnA, OTHAKO Camo npubamKeHne HeCHpPaBes-
JIABO.

Hanporus, korma B > h?/2mka?®, GOPHOBCKUA CJBUT
¢assl BeMHK, B TO BpeMA KAaK MCTHHHBIA OCTAE€TCS MAJBIM.
ITy CHTyamuio CIefyeT 3allOMHHTE, g106H N30eKaTh CIOP-
IPH30B IpH PacueTax B 3a/a4ax PacCesHHA.

1.2. TeneBoe paccesaHue

CymecTByer Bechma obmee TOKIECTBO, Peryjlupyoimee
BCe IIPONECCH PpACCeAHMsA, ITO TAK HA3HBAEMasd «ONTH-
gecKad Teopema» — YACTHHIHA caydait eme Goiee o0mero
COOTHOIIEHMS YHHTAPHOCTH, TapaHTHPYIOmero CoxpaHe-
rne BepoaTHocTd. J[1a dacTur 6e3 CIHHA ONTHIECKAA TEO-
peMa mMeeT BHJ ’

A% Im 4 (0) =0tots (1.2.1)

A (8) — ammumTya YIpYToro pacceAHHA Ha YIoa 0,
a Otot — IIOJMHOE CedeHHe paccesnms. AHAIOTAYHO® TOK-
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AeCTBO BHIIOJHAETCA HAA aMIIUTYAHK M BKJAajfa B IOJHOE
CeueHHe paccegHNs [-i mapumalbHON BOJHEL:

Otot =% Im 4, (1.2.2)

rie Uiot — BKJIaJ| B NOJHOE CeYeHHMe PACCessHHA Napnualb
HOI BOJIHE C MOMEHTOM KOJIMYecTBa ABHKeHus lfi, a A, —
nmapuuajpHas aMIUIATYAA YOPYToro paccearms. lloaprrit
BKJaJx NapuuajbHOA BOIHH B ynpyzoe paccedHHme ecCTb

oa="4mn| A, [*/2l + 1). ‘ (1.2.3)

Tar xak KBagpaT MHHMOH 9aCTH HEKOTOPOH BeNMIHHEN
MeHBIIe KBajpaTa ee MOMYJA, MMeeM HePaBEHCTBO

(0fo) < qrer, = 4m (21 + 1)/k2 (1.2.4)

Bsenernnasn 31ech BenumEa ¢; eCTh Mepa TOi YACTH MOTHON
HHTEeHCHBHOCTH, KOTOpasg CBA3aHA ¢ [-i mapumaibHOMR
BOJIHOM; €CTECTBERHO, UTO 5T BeJINIMHA JOJ/KAA IPOSIBHTH-
Cs B 3aKOHAX COXPAaHEHHS.

1

JdpdexTHBHOE CeYeHHE HEYNPYTOTO DPACCESAHHA Oipe

PaBHO Pa3HOCTH MEMAY IIOJHHM Ce4eHHEeM W YIPYToil ero
9acThi0, TaK 4TO HepaseHcTBO (1.2.4) o3Havaer, aTo

otner < V (qi0k) — ot (1.2.5)

HpaBaﬂ JacTh 3TOT'0 BBIPAYKEHHA HOCTUTaeT MaKCHMYyMa,

pasHOTO ¢;/4, TWpEm o4 = /4. Orcioma ciegyer, 410
BKJIaJ B HeyNpPyroe Ce4eHHe pacCedHUs [-ii mapumuaabHOH
BOJIHEI HE MOKeT IPeBOCXOAUTH ¢;/4, IpHYeM 3TO 3HAYEHHE
HEe MOKeT OBITh JOCTHTHYTO, €CIH HeT CTOJb K€ 6OJBIIOTO
yOpYyTroro BRJAfA.

IIpamernm 3T0 K caxydaio Goabmoit wepHOlH cdeprl pa-
mayca R, mHOTO GOJBIIEro AJMHE BOJXHEL. B 3TOM ciyuae
B XOopomeM NpuOIM;KeHNH, [-A1 NapOuMaJbHAT BOJHA COOT-
BETCTBYeT KJIACCMYECKOMY JBUKEHHUIO C IPUIeJbHKM Iapa-
Metpowm I/k. CieoBaTe bHO, B 3TOM KJIACCHIECKOM Ipejee
MOKHO OKHAATh, UYTO MAJA BCeX NapPHOAAJBHHEX BOJH
¢ I <kR, cooTBeTCTBYIOmUX HIBHIKEHHIO, NPH KOTOPOM
dacTHIia cTajlKmBaeTcs co cdepoit, OymeT MaKCHMAJIbHOE
TIOTJIOIeHMe, T. €. HamboJbpIasg HEYNPYrocTh, a NpH
I > kR moriomenus He Gyper.

B peftcTBuTenbHOCTY H3-32 KBAHTOBHIX 3 HEKTOB mEPEX 0N
GymeT He Pe3KHM, a PABMHITHM 110 HEKOTODPHIM 3HAYCHAAM L.
Ecan kR mocratoumo Bemmko, sTo Hecymectsenro. Cieno-
BaTeJIbHO, B 3TOM Cjlydade HEYHPYroe CeYeHHE pacCesHnA
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HOJKHO OHITH MOPATKA
kR

kR

q

a1 2(21 1+ 1) =nR?, (1.2.6)
1=0

=0

J4TO IpeAcTaBigeTcA BUOJHE Pa3yMHHIM, TaK Kak COBIa-
[aeT ¢ TeoMeTPMYECKHM CeIeHHmeM cdepoi. OfEAKO yIHTHI-
Basg CKa3aHHOE BHIIE, 3aKiI0YaeM, YTO CYMEeCTBYeT YHpPy-
ruii BKJIAJ, PaBHHEA HEYyOPYTOMYy.

Ha mepshiid B3raAg — COBEPIIEHHO HEeOKUJaHHHIH BhI-
pof. JleficTBHTENIbHO, IPH CTOJKHOBEHA™ ABYX KJaccude-
CKIX 00BbeKTOB BpOJE OGMIIMApAHBIX [MAPOB MM CHEKKOB
(mace camble Jydmue GuiImap/Ebe MapH 33 CIeT TpeHHA
[UCCHOEPYIOT HeKomopyl ODRepruio, TaK HTO, cTporo
roBopsA, CTOIKHOBEHUE® HUKOT/A HE GelBaeT yIPYTHM) KPO-
M€ OKHIaeMOT0 HEYIPYTOro CeIeHHd paccesHnd oyner
eme cedeHme, COBIAjaomee C reOMeTPHIECKAM PasMEPOM
u o6g3aEHOE YIPYrOoMY pPacCesHHIO.

YroGH MOEATH 3T0, OTMETHM, IPE’KIe BCEro, 4To Mpef-
CKa3aEHOe YIPYToe paccesHne CKOHIEHTPMPOBAHO BHYTPH
MaJIOT0 TEJecHOTO yIjia BOKPYr HampaBJeHUA BIEPEX.
AMOanTyAa yupyroro paccesHnsA Ha yrola 0 ecTh

A0)= ; AP, (cos 0). (1.2.7)

CornacHo IpeJH/AYIeMY DPacCy:KIeHUuI0, aMIIATYIhI A
mepBHX kR ciaraeMEIX 4MCTO MHAMBIE, IPUIeM HX MHEMELE
qactn monomTenbHel. CiemoBaTeabHO, BCE WIEHH, NAI0-
mue Braag B A (0), coda3Hbl M CKJA/EIBAIOTCA. Onrako
Ipu HeHYJIeBHX 3HAYEHMAX Yria 0 monmmoMH Jlexamapa
P, ocumaupyior. Yrod, Opa KOTOPOM P, Buepsre o6pa-
maercsa B HYJb, HOPATKA 1/1. Daa yraos, Goxpmux 1/kR,
cymma (1.2.7) Gynmer comep:xarh GoJpIIOe UHMCJIO0 UJIEHOB
IPOTHBOMONOKHBX 3HAKOB M MOKHO OMHIATE, HTO oHA
Gymer npeHeOpe;kEMO MAaJa. (dTo MOKHO JOKa3aTh.)
B aTuXx yCJAOBHAX yOpyroe pacCesHHe MOKeT mabaomaTh-
¢A TOJAbKO IpU yrjax HOPATKA 1/kR = M2nR, rpe A —
JIMHA BOJHHI, Ji06as rpybas omeHKa RJIA 6mImapaHEbIX
imapo mam APYruxX MaKpOCKONMYECKHX 06beKTOB IIOKA3HI-
Baer, 9T0 Takoe HaGiojeHne He MOKET OHITH OCyIIecTBIE-
HO TPAKTUYeCKH.

Musnueckyo TPHPOLY YHOPYrOro pacCesiHMA MOKHO
VACHATH IIyTeM CJEIYIOIero paccyKieHuq. B cayuae ma-
JeHHs BOJHH HAa GOJBIIYI0 MOTJIONIAIIYIO cdepy, Takyo,
kak Ha puc. 1.2, mosagam cPeps MOIKHA OHTH TEHBb, Cede-
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HAe KOTOPOX PaBHO TIeOMETPHIECKOMY CeUeHHIO CHepH.
Tenp pacmpocTpaHseTcss Ha HEKOTOpOe pacCToSHHE, 3a
KOTOPHM u3-3a AuPpaKOum BOJHH 3aI0JHAIT 061aCTh
reomerpudeckoir Term. Ho B Teopum paccegHms mommasm

1.2. TemeBoe paccesmme

BONHOBAaA (YHKOUA A yIPYTOro KaHANA 3aNECHBAETCH
KaK

Y = @; + Py, (1.2.8)

rie @; — mo-mpekHeMy majalomas BoJHa, a P, — pac-
ceannas BosxHa. ITosann cheprr, B Tenn, BonrHOBaA pyHKIUA
Rol:kHA Mcue3aTh. [{as aToro TpeGyercs, aroGsr BTOPOt Tien
B (1.2.8) GruT paBeH O MOMYTIO M IPOTHBOIOIOMKEH IIO
3HaKy mnepsoMy. Takoe COOTHOIIEHME BHIOJHAETCH IO
BCeil MUpPAHE TeHH, U, CIELOBATEILHO, IIOTOK, CBA3AHHKIN
C BOJIHOBOH QyHKImei \;, paBeH DafaomeMy MOTOKY, PO~
XOAmEeMy Tepe3 5Ty IIOMAAKY. JT0 00bACHAET, MOUeMy
IOTOK, CBA3AHHHIM C BOJHOBOH (yHKmuei V;, onpeneasger- .
CA 9MCIOM NafleHMil Ha IUIOMANKY, PAaBHYI TeoMeTpumie-
CKOMY CeYeHHI0 C{epH.

Onmako, ecam Ha9aTh ¢ KIACCHUECKOM CUTyanum, HaM
BCe eme TPYAHO GyjeT coraacuThCs, uTo TeHb GYLET COOT-
BETCTBOBATh MCTUHHOMY pacceanmio. M3 o6meit Teopum
pacceAaHMs CIeyeT, 9T0 HEUTO HHOE, a He Mafaiomas BOJ-
Ha QopMEDPYeT Ty 4acTh PacCeAHHOH BOJHHI, KoTOopas Ha
GonbmumX PacCTOAHMAX JaeT BKIAJ B aCAMITOTHIECKOE Bhi-
pa’KeHHe [N PACXONAMEHACA BOJHH.

Bayxmo momMEMTH, 4TO B MAHHOH CHTyamum acEMITOTH-
YeCKOe NOBEJEHHe JOCTHTAeTCA TOJbKO HA OUCHDb GOIBLIINX
Paccrofnmax. Mel Bmgennm Bhme, 9T0 B ympyroit BosHe
yrau paccesanns nopanka 1/kR. 9ro osrauaer, 9To B acumn-
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TOTAYeCKYI0 dYactb P; MalT BKiajg ToJNbKO Maltkle YIiint
(£ 1/kR), a Tak Kak H3HAYANBHO BCe MAPIAAIbHEE BOTHH
KOTePeHTHH Ha mmupuHe R, TO OHM He MOTYT HOCTHYb
CBOET'0 AaCHMITOTHIECKOI0 BHAYEHHMA HA DACCTOSHHAX,
mesbmux kR?, miam, npumepno, R?/A. CuepmoBatensmo,
eCIIM Mbl 3aXOTMM HOJATBEPAUTH HPEACKA3aHHOE PACCeSHHE
AaA caydas GMIIMAaPAHKX MIAPOB, MOTPeGYeTCsa He TOIBKO
npu6op, cmoCOGHEIA M3MEPATH YPE3BHYANHO MaJEe YIUE
OTKJIOHEHHWA, RO ¥ CAMU M3MEPeHNsa Hafo GyaeT IPOBOXUTH
Ha DACCTOAHMAX, IPEBHINAKINAX ACTPOHOMHYECKHE.
OnpaBuBmECH OT MEPBOHAYANBLHOTO YAMBICHHSA, 3aMe-
THM, 9TO TeHEBOE PacCedHMe BIIOJHE MOYKET HAHTH mpaKTH-
4eCKoe IpUMEeHeHre IPH MeHee DKCTPEeMAaJbHHX YCIOBHMAX.
Ecam wactunmsl ¢ GOxbmmM HMIYJIBCOM pacCemBalOTCH,
HanpuMep, Ha fAAPax, 4acTO BCTPEYAIOTCHA CIydam, KOTHAA
kR Benmko, TaKk 9TO HAIIM DPACCYKAEHHA NPHMEHHMbL.
B sToMm cayuae, oqrako, 3naueHns kR He UpeaMepHO BeJn-
KH, a YIJIH paccesHHA He Hcue3amme Majiu., K Tomy xe
paccTosinme, Ha KOTOPOM IPOBOAUTCA HAGJIONeHNe, B 3TOM
caydae ropasno Goabme kR2, Tak 4TO 3TO ABIEHHE 0GLYHO
TPaKTyeTCA KaK MaJOyIJIOBOe paccesHHe, a He KaK 1T€Hb.
Hcropmueckasn cmpaBka. OnTmdeckas TeopéMa W TeHEBOE pac-
cesiHMe® OLLIM BIEPBHe OTMEYeHH ABTOPOM B CBABM ¢ paboToil Haj

copmectroil ¢ -H. Bopom m T'. Il;magexom craThbeif, KoTopag Tak &
ocTazach HeoNyONMKOBAaHHOM, OJHAKO 9aCTO MUTHPOBANACK.

1.3. Boansl u wacTunms -

OnBa M3 oCHOBOmOJIATAOMUX MAeH KBAHTOBOH MeXaHH-
K, BOepBHie ocosHaRHaA JIym me Bpoitnmem,— amamorms
MeXRIy cBeToM u MaTepueit. OHa yuur, 4To m cBery, U Ma-
TepUd OPHCYINA CBOMCTBA M BOJHE, M YACTHIH, HaYAHAA
3HAKOMCTBO C KBAHTOBOM MEXaHMKOMH, MBl BCE BHJENH IPO-
fABJIeHNe KOPIYCKYJIAPHHX CBOWCTB cBeTa B (JopMyJie M3-
aysenus Ilnanka nau B agdexre Komnrona, a ¢ BonHOBOI
OPUPOROA SJEKTPOHA BCTPEUATHCH B HKCHEPEMEHTAX IO
qudpaxmun.

Vcxons u3 aT0r0 MoyKeT HOKa3aThCH HCTOPUIECKOMN CITY-
JaffHOCTIO, 9TO0 (U3MKH NEPBOHAYAJHHO CTATKHBAIHCH
TOJILKO C BOJHOBHIME IPOABJIEHUAMHA CBETa M TOJBKO C KO-
OYCKYNIAPHEME CBOMCTBAMM YaCTHI, HMMEIIIAX MAaCCy
(rakmx, kak oiIeKTPOHH). [l03TOMYy MOKHO CUHTATEH CIop-
UpH30M OCO3HAHHE TOTO, UTO HTO COBCEM HE CIyYaiHOCTH
M 9TO AHAJOTHA MEKNY CBETOM M MaTepuell mMeeT O4eHb
/KeCTKHe orpaHmieHmA. B camom pgenme, Kax M yBHZUM,
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fie MOKeT OHITHP HM KJIACCHMYECKOM IOJIeBOU Teopmu AJif
DJIIEKTPOHOB, HI KIACCHYECKOR AMHAMUKM dacTHI Aas ¢o-
TOHOB.

Yr06H MOHATH, IOUEMY 9TO TaK, 3aMETHM: II0JIe XapaK-
Tepuayercs aMmiIATyAoi n ¢aszoi. [las Toro 4robbr GHLIO
OPEMEHHMO KJIacCMYecKoe pacCMOTpeHue, 00e 9T BeJIHId-
HHI JOJKHBI OBITH 3aJaHH ¢ IPeHe0peKNMO Malloif Heompe-
nenerHocTbio. Ho pasa amMmautyasr m ¢gasbl CymeCTBYeT
COOTHOIIEHME HEOoMmpeneJeHHOCTH. Kcam paasd NpocToTH

paccMOTpeTh CKaJfAPHOe IMmoJje, TO BOJIHA MOKET ORITH 3a-
nncaHa Kak

@ = A4 exp (iy), (1.3.1)

rae y — ¢asa moasa, a A — HeKkad MOCTOAHHAA, HOPMUPO-
BaHHAA TaK, UTO

A = N, (1.3.2)
rae N — 4mciao KBAaHTOB COOTBETCTBYMOIEH Momul. Toraa
aJeKBATHOE HAUIAM I[eJIIM COOTHOIIeHNe HeonpeaeleHAOCTH
(yroumenme Gyzmer naHo B pasgene 1.4) mmeer Buj

SN 8y > 1. (1.3.3)

9To HEPABEHCTBO IOKA3KIBaeT, YTo Jdi06oe 3HaHHe (asu Y
TpeGyeT HeKOTOPO# HeompeHeNeHHOCTH YMCJIa KBAHTOB NV.
Orcioga 11060# cmoco6 mamMepeHms IOJA, BKINYAOIMMA
m3mepenne (ase, JOJKeH MONYCKATh BO3MOMKHOCTb H3-
MeHeHHS KOJIMIecTBA KBAaHTOB HA HeOIPeeJeHHOe JUCJIIO.
Ilas »7eKTPOHA BTO HEBO3MOKHO KaK M3-3a €ro 3apsaja,
TaK 1 M3-3a MOJYIEJOT0 CIMHA. JIEeKTPOHK He MOTYT OHTh
CO3MaEH NIM YHHEYTOMKeHH mooaunouxe. Habaomenme,
CBA3aHHOE C POMIEHHEM HUJIM YHUITO)KEHHEM B3JIeKTPOH-
HO3NTPOHREOR HapH, MaeT HAYOPMALUIO TOIBKO O BOTHOBOM
$yHKOMM TapHl, MIHA, WHHIMH CJIOBAMM, O Il DOM3BENEeHHH
mojei 3JEeKTPORA W TO3UTPOHA.

Crenymomas TPYAHOCTh OTHOCHTCH KO BceM gepMmUoHaM,
¥ 3apAKEAHBIM, X HeATPAJBHBIM, €CJIM MH XOTUM HE TOJIb~
Ko oGmamate mEGOpManmeir o ¢ase, HO M paccMATPHBATH
moje KaK KJIacCHYeCKyl BeamumHy. Torga HeompenesaeH-
HOCTBH a3kl JOJKHA GHITH MaJjia 0 CPAaBHEHHIO C e[UHUIeIH,
a HeompeneJeHHOCTh /N Maja IO CPABHEHHUIO C CAaMAM 3HA-
yernem N. Ho u3 (1.3.3) caexyer, aro gius storo Tpedyer-
¢A BLIOOJIHEHUE YCJIOBUA

N> 1. (1.3.4)
ITockoabky N — 9MCiI0O  KBAHTOB  COOTBETCTBYIOIIEH
MOJbI, BAHO, 9T0 3T0 Tpe6oBaHUE IPOTHBOPEYNT IPUHIHAIY
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Ilayau, gomyckawomemy He 6ojiee OMHON JaCTHIHL B KaKIOM
COCTOAHUH.

Nrak, depmMuoEs He MOryT ORTH OmMCAHB KiIaccuye-
CKUM IIojieM. JTO# TPYAHOCTH He CYMeCTByeT IpPHMEHH-
TeNIbHO K OO30HHHBM IoafAM. JleficTBUTENBHO, B Clydae
H3IyYeHUSA OOBIYHEI cHOCO0 oNIpegeseHNA 3JIEKTpPOMAr-
HUTHHX II0JIeii OCHOBAH HA yd4eTe B3aMMOAEHCTBUA, OMUCH-
BaeMoro B raMHJIbTOHHAHEe WIeHOM Bupa ju,Ad,, roe j —
ILUIOTHOCTh TOKAa, a BEKTOPHHEIH IHOTeHHuANX A COXEepKUT
OIEepPaTOPHl POKICHUS U YHUUTOKEHHA POTOHOB.

TpeGosarue TOro, 4To6ul N OBLIO BEIHMKO Tak:Ke 0e3
TPpyHa YROBIETBOPAETCA, KOTHA MHI MMeeM [eJ0 ¢ Kiac-
CHYECKUM JJEKTPOMATHUTHHIM IojeM. Jlerko BupeTsh, 4TO
B ClIlyiae HEIPEPHBHOTO cHeKTpa mox N 1o HOPAJKY
BeIMuUMHHM HAJ0 NMOHMMATH amCI0 POTOHOB B 0Gbeme A3,
rae A — pamea BouHH. OmeHKa IOKaswBaeT, 4TO Aid HC-
TouHMKa MomHEOCTHIO B 1 kBT, paGoTaromero Ha dYacroTe
1 mMI'm, smavyenue N majmaeT OO0 €JHHUIE TOJHBKO HA pac-
CTOAHAAX OT MCTOYHMKA, mpeshmanmux 101° kM. ITomo6-
HEIM ke 06pa3soM MOKHO yOeRuThCs, 4TO JNYyY Jasepa Ho-
CTATOYHO HHTEHCHBEH, YTOGHI MbI MOTJM OHPENEIATH aM-
oaaTyny @ gasy HoJs C XOopomieid TOYHOCTHIO.

s meidTpanbENX 6030HOB (HaIpHMeD, QaA HeHTpaIb-
HHIX OMOHOB) HEe BO3HMKAET TPYAHOCTEei, CBA3AaHHKX C CO-
XpaHeHMeM uX ynciaa mian ¢ npumanunom llaynm. Opmako,
TaK KaK OHM HMEIOT OTIMYHYI0O OT HYJA MACCY IIOKOA,
H3MEeHeHHMe UX 9MCJa OIPUBOTUT K CYIECTBEHHOMY H3MeHe-
gm0 sHepruu. Cymepmosmmma COCTOSHME C Pa3IAIHBIM
YUCIIOM YacTHI AOJKHA, CJIEXOBATEJIbHO, OYEHBH OHICTPO
oCcOWJIJIAPOBATH BO BpeMeHHU, IO KpaiiHedl mepe B ciaydae
cBoGoHBIX ToJeit. X0oTA Ha ompezeneHne Gpassl MOJIA B 3TOM
ciy4ae HeT NPHHOUOHANLHOTO 3ampera, 3Ta CHTyapus
OpeacTaBiAeT YACTO aKageMUYeCKUil MHTEpecC.

Ilpyras cTropoHa mpoGieMH CBA3aHA C BO3MOKHOCTBIO
TPAKTOBKE (OTOHOB KaK KJIACCHYECKAX dacCTUL. JTO IIO-
TpeGyeT BBEIEHHA B PAcCMOTPEHHEe IMOJIOKeHnA (Koopau-
HaTH) QoToHAa Kak Habmomaemoi. Ecam G 310 GBLIO BO3-
MOHO, TO KBaHTOBAS MeXaHMKAa MO/HKHA Obra OB
«yMeThb» IpeACKa3hHBaTh pe3yabTaT ee HaOMoOIeHAA. ITO
03HAYaJI0 OBl CYMECTBOBAHME BHIPAKEHHA A BEPOSATHO-
cTe 00HADYKEeHHusA d)OTOHa B JAHHOM 3JieMeHTe 0Gbema. ITO
BEHIpQ)KEHME JOJOKRHO OBIZIO0 OH BecTH cebs, Kak MIOTHOCTD,
T. €. OHTH BpPEMEHHO#l KOMIOHEHTO#l 4-BeKkTopa. bBymayunm
BEPOATHOCTHIO, OHA (mIOTHOCTH) Oblma OB, KpOMe TOTO,
TUOJIOKHUTENBHO OMPE/IeNIeHa, 4 3HAYAT, PABHAJIACH OB KBaA-
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paTy mid cyMMe KBaApaTOB BEJMIHH, XapPaKTePH3YIOIAX
noxe. Ho siekTpoMarEnTHOE [OJI6 3aaI0T BEeKTODPH (TaKme,
KaK BEKTODHEIM NOTEANHNAas) UM TeH30DH BTOPOTO Pamnra
(raxme, rax ammmmTyne moss). OHE Bce — TEH30DH Ye-
/4020 PaHTa; DTO CIPABENJHBO W JJA WX HPON3BOJHEIX.
Ksanpar xommomenTH a1060T0 TeH30pa HeJOT0 PaHra fB-
ASeTCA 9acThI0 TeH30pa UeTHOT'O PAHTa M He MOKeT OHTh
4-BeKTOpOM.

M3anosxennkrle BHIIE cooﬁpameunﬂ HCIOJIH30BANIACH
Iupakom B ero KiaccudgecKoil paGoTe o PeIATHBHCTCKOM
BOJTHOBOM yDPaBHeHWH 3JEKTPOHA W OpuBean K HeoOxonm-
MOCTH HPHIHCATh BIEKTPOHY B KadecTBe BOJHOBOM (yHK-
OIA COEHOP, KOTODHIM ABAAETCA TEH30POM MHOJYIeJoro
panra. XoTA [JIA 3JI6KTPOHA OTBET ORI IPABUIABHEIM, O3]~
mee u3 paborul Ilaynm m Baiickonda cramo sicHO, 9TO IIO-
CTyJAT CYImecTBOBAHMA KOODPOMHATH Kak HabxomaeMoit
BOJIMYNHE HE CAMOOYEBH[ICH. B IPOTHBHOM Cly3iae HelAb3dA
Onio OB IOBEPUTH B CYIIECTBOBAHWME NHOHOB H APYTHX
6030HOB.

Brsop 0 ToM, 9TO moJIOkeHRMe POTOHA HE ABJIAOTCH Ha-
GaIomaeMEIM, KasKeTcd HeCKOJIbKO HeosxmmammniMm. Haro,
KOHEYHO, IIOMHHTE, 9T0, BHe BCAKNX COMHEHUH, MK MOKeM
JIOKaAn30BaTh GOTOHH C TOYHOCTHIO TeOMETPHYECKOH OnTH-
KN, B PaMKaX KOTOPO# KOPHYCKYJAPHO® M BOIHOBOE OIH-
CaHHASA SKBHBAJEHTHH. Peub uaer 00 ompeneeENn MOJ0Ke-
HAA BEYTPH BOJHOBOTO MAKETA NJIH JyIa B TeOMOTPHYSCKOM
ONTHKe, aHAJOTMYHOM RAaGIIONEHMIO, KOTOPOe MOTI0 GH
JOKAIM30BaTh 3JIEKTPOH BHYTPHM aTOMa BOXOpoOAa.

MoxuEO BO3pasMTh, YTO CYMIECTBYIOT SKCIEPHMEHTHI,
mapomme pacupeneieEne (OTOHOB B HPOCTPAHCTBE — Ta-
KMe, KaK mojock JlmnmMama, ma0miogaeMsie Ha QOTOILIa-
CTUHKAaX B CTOAYEH BOJHEe, o0pasyiomeics Ha OTPaKAIO-
nieit TI0BOPXHOCTH . OI(HHKO (bOTonJIacmHKa pearmpyeT Ha
BIeKTPHYECKAH BOKTOD CBeTOBOX BOJXHH. Eciam 6h MOKHO
6KI0 cHenaTh ETEKTOPHOE YCTPOMCTBO, OCHOBAaHHOE HA
IMTONBHKEX MAaTHATHHIX IepPexoiax, OHO pearmpoBato Ol
Ha MATHUTHHA BEKTOpP, M DKCIEPMMEHTH Jlmmomama ¢ Ta-
KAM YCTPOMCTBOM IOKAa3HBaXW OB MAKCHMYM TaM, Iie Ha
o6muHOR ¢oTomnacTmEKe MmHAMYM, um Haobopor. [lBm-
rymasaca goromaacTuHKa 6yneT pearnpoBaTh Ha 3JIEKTPH-
94eCKHMit BEKTOP, ONpe/ieIeHHH B CBA3aHEHOM C OTONNACTHH-
KOl cmcTeMe OTCYeTa, B KOTOPO# OH PaBeH JUHOHHOH KOM-
6GUHANNHA 3JIEKTPAYECKOT0 N MATHATHOTO BOKTOPOB B 1a60-
pPaTOPHOH# CHCTeMe, TaK 4TO MOJOCH GYRyT CABUHYTH. (ITO
TeCHO CBS8AaHO ¢ TeM (AKTOM, YTO HEJb3d BBOCTH IJIOT-
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HOCTh (POTOHOB ¢ NPABHIBHEIMA PEIATABHACTCKAME TPaHC-
¢opManmOEHKEMA CBOWCTBAMY.)

Ta ke TPYOHOCTH BO3HMKAET OIPUMEHHTEIHHO KO BCEM
0030HAM, AMEIONIMM IIeJNH COMH, HOJA -KOTOPHX ABIAIOT-
cd, CIeIoBaTeJIbHO, TEH30paMm Iejoro pamra. Haxk ke
TOrja NOHATH, IOUEMY HCHOoJAb30BaHme ypasHemmsa Illpe-
OUHTepa [JIA JI-Me30HHHX AaTOMOB, INO-BHAMMOMY, Haer
BIOJIHE® YJOBIETBOPUTENBHHI Dpe3yiasTaT (Ge3 ABHHIX OC-
N0KHEHUHA ¢ mATepuperanueit? ITo 06BACHALTCI TeM, 4TO
IJIA Me30HHHKIX IOJIEfl CYMECTBYeT IOJOKMTEeIHHO OIpeNe-
JIeHHOe BHIPAKeHHEe [Jd IJIOTHOCTH dHeprmm. B Hepexs-
TABHCTCKOM Ipefelie KUHeTHIECKAA W NOTeHOVAaJbHAA
9HOPTMH MEe30HOB IPeHeOpeKEMMO MAJH B CPABHEHHH C HMX
dHeprme# NOKOA; TAKMM O00Pas0oM, MOKHO CYATATH, 9TO
9HEPTHWsA, NPUXOAAMmMAsCSA HA YacTULy, paBHA mc?. ITO
[AaeT BOSMOKHOCTH OPECTABATH MIOTHOCTH YACTAL B BHUE
npoussefenus 1/mc® ma mnorHOCTH dHeprum. Tarkmm 06-
pasoM, KoopamHaTe 6030HA MOMeT OHTH HPHIMCAHO HIPH-
OJM)KOHHO® B3HAYCHHEe — B HEPOIATHBHCTCKOHX obgacTh.

Ilna smeKTpoHA CUTyamusA B AeHACTBMTONLHOCTA HE JIyd-
me, eciidm BCOOMHHTH, 9T0 ypaBHeHwme Jupaxa momyckaer
PeIIeHHAA C OTPHUIATENHbUOA SHEPrued, KOTOPHE TOKHE
OHITH I@PEOCMHICJIEHE B CBETe Te0PMH HO3UTPOHA. B pesys-
TaTe J1000e M3MEPEHM® KOOPAWHATH, OPH KOTOPOM He-
ONIPEe/IeJICHHOCTh MMIYJNHCA CTAHOBHICA POJISATHBUCTCKOI,
MOJKeT IPHBECTH K POKICHHUIO IAapH H, CIEN0BATEIbHO,
yBECTH HAC OT.OJHODJIEKTPOHHOH KAapPTHHE, B PAMKaX KO-
TOPO HPUMEHHMO HPEACTABICGHHAE O (KOOPIWUHATE DJIEK-
TPOHAY.

Taxum oOpasoM, BHWAHO, 9TO B HEPEIATABUCTCKOHN
006J1acTH NOHATAE KOOPAWHATH B KOHOTHOM CUOTE HIPUMEHH-
MO 7 K pepMmoOHaM, X K 6030HAM I HOIPAMEHUMO HA K TeM,
HA K ApYyruM BHe 3Toit obxactu. VckiaodmTearHAs POIb
dorora 00yCHOBIEHA OTCYTCTBHOM y HEr0 MACCH, M3-3a
9ero OH HHKOITA HE MOKeT OITh HepexsaTmBuCTCKuM. OT1-
CYTCTBHE@ MAcCCH HO3BOJAET JErKO POKIATH M IOTIOMATH
$GOTOHK ® TeM CaMHIM IIOMOTaeT peaju30BATH HEPEXON
K KJIacCHIeCKOMY IOJIO.

Hcropnyeckas cmpaeka. Coobpaenns, cPopMyJIHpOBAHHEE
BRI, BIepBHe obcys;xpanuck Ilayam m aBropom *). KpaTkoe pesio-
Me MO)KHO HAATH TaX;Ke B Jpyroit padore **),

*) Paule W.// Z. Physik.—1933.— Bd 80.— S. 573.
**) Reports on Progress in Physics.—1955.— V. 18.— P. 471.
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1.4. ¥Yroa xar omepatop

i HeKOTOPHIX 3afad 3JIEMEeHTAPHON KBAaRTOBOM Me-
XaHAKA YROOHO BBECTH NJIOCKME HOJAPHEE KOOPAWHATHI:

x=rcosB, y=rsinb. (1.4.1)

B s1oM caywae yrom 9 cramoBUTCA OQHON M3 NWHAMHAIE-
CKMX IepeMeHHHX W NPEeJCTABIAETCA €CTeCTBEHHHIM, KaK
B [OaA ApYTEX HaOd0jaeMbiX BeJINIMH, HOCTABUTH eMY
B COOTBETCTBUE OIEPaTop.

ConpsiyxeHHOR ¢ 0 mepeMeHHOH CIYKHT YIJIOBOH Mo-
ment M. Ecian MoMeRT maMepsieTcs B eAWHANAX %, TO JeTKO
mOKa3aTk, 9T0 M Mosker OHITH IPEACTaBIE6H OIEPATOPOM:

. 0
Torma KomMMyTaTrop ecTh
[M, 8] = —i. (1.4.3)

(PaxTrgecKn ME MCHOJb3yeM OYeHb IOXO0}Kee COOTHONICHHE
opu BuBome (1.3.3), m, ciegoBaTelbHO, 9TO HMEHHO TO
MecTo, THe cieqyer oGpaTHTh BHAMAHME HA BO3MOKHEIO
3aTPySHEHNA. )

Mspecrao Taxe, uTo M mMeeT NeI0IACICHHEE co0-
CTBeHHHIe 3HAYeHHA. B mpeicraBieH@d, B KOTODOM omepa-
top M pumaromamen, us (1.4.3) cmemyer

(M — M')YXM|0|M"> = —ibp, - (1.4.4)

Ho Taxoe paBeHCTBO HEBOBMOKHO, Tak Kak mpu M = M’
JeBasg 4acth o0pamaercsi B HyJIb, a OpaBad — HeT.

Amajorm4no, BBEe[A TaMUJIBTOHHAH CBOOOJHOTO BpaIle-
HAA

h2
=2, (1.4.5)
rae ] — MOMeHT mHepIWM, HaXOAWM COOTHONIEHHE
20 i h

npencrasidgmonieecsa pasyMHBIM, HO B M -OpeacTaBIeHNN
OOATH HOOJYINM

A (Ey— Em) M| 8| M"Y =26y, M,  (1.4.7)

9TO HEBEpHO.
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Pasranra mapamoxca B ToM, 9T0 0 He ecTb HabmofaeMast.
Onpepenenme (1.4.1) comepkuT TOABKO NEPHOAWIECKHE
¢yBaxnmm O =, ciefoBaTeNbHO, HE AAeT BO3MOKHOCTH pas-
IMYaTh 3HAYEHAA O, OTIMYAONIEEc HAa BeJIMINHY, KPATHYIO
2n. TpynHOCTH HE MOKeT OHTh yCTPaHEHA [OTOBOPEHHOCTHIO
0 TOM, IT0 3HAUeHNA O 3aJaHK HA OTPAaHAICHHOM HHTEpBAIe,
CKaKeM, MEIKAY — U W 71, MOTOMY 4TO, Aiellasd ompeneie-
mgme (1.4.1) onHO3HAYHEIM, TaKOe OrpaHMYEHMe OIHOBpE-
MeHHO IPWBOJAAT K HApYIIeHNWI0 HENPEPHBHOCTH, & 3TO
HEeCOBMEeCTHMO ¢ BHpaskemmsamm tmma (1.4.2).

Hecmorpsa Ha To, 9TO yroa 6 He MOKET PacCMaTpPHBATHCA
Kak HabmopaeMas, BMECTO Hero MOKHO BBECTH OHEPaTop
cOBUTa

g = exp (i0),' (1.4.8)
rge & — omHO3HAUHAas QYHKIWA AEKAPTOBHIX KOODAMHAT:
E= @+ VT TP (1.4.9)

IIpaBna, omeparop § He 3pMMTOB, HO OH yHHWTAapeH M, cje-
[OBaTelbHO, 06Jajaer BIOJHE LPAEMJIEMHIMA COOCTBEH-
HrMH 3HaveHmamu. (MasopymHEIA MoOjKeT HOJB30BATHCA
OTHEJIbHO MeHACTBUTEJIHLHON WM MHUMOH dacTAMHA E.)

Jlio6oe, mMelomee (usmIeCKWi CMEICH YyTBeDKIeHHE,
BriTIOuaomee 0, Mosxer GHTH BHIpaKeHO weped §. IIpaBmio
KommyTanuu BMecto (1.4.3) mpmrmMaer Teneps BHX

(M, §]=—i—g%= , (1.4.10)
u B M-mpepncraBieHNN HMeeM
(M —MYM|EIMYy=(M|E| M, (1.4.11)

OTKyAa BHITEKaeT, 4T0 § — omepaTrop CABHIa, CBA3EIBAIO-
muil TOABKO Te COCTOAHWA, Ais Koropuix M — M "= 1.

ITprmep ¢usmaeckm ommGOIHOrO 3aKJIIOICHAA, K KOTO-
pOMy MOKHO @NpWiATH, mojaras, d4To 0 — gusmyeckas
nepemennas, pamm P. E. [afiepac u k. H. Yp6aro *).

CregyeT OOTYEPKHYTH, 9YT0 TPYAHOCTb, BEIpAyKEHMEM
KoTopoit aBaserca coorHomenme (1.4.4), cBAsama ¢ TeMm,
g0 M wuUMeeT NHUCKPeTHHE COOCTBeHHEIe 3HAYEHHH, & BTO
‘B CBOIO OYepeb CBA3AHO € mepHOAMYHOCTHIO mo 6. B caygae
JeKapTOBOH KOODAWHATH & CONPSIKEHHBIA HMIYJIBC Py
mMeeT HeIPePHBHEIM CIeKTp M, Kak Obo mokasamo [lmpa-
KOM, MaTpMYHOe HpEe[CTABICHAEe KOMMYTaTOpa COAEPHKAT
6-pyrrnmio Jlmpaka m ee IpPOM3BORHYIO.

v *) Peierls R. E., Urbano J. N.// Proc. Phys. Soc.—1968.—
A.—P. 1.
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Opgmako cimemyer HpOABAATH OCTOPOKHOCTH, €ciad MHc-
OO0JBL3YIOTCA DUKJINYeCKWe TPAHWYHEE YCJIOBHA MIA I,
9T0 gacTo OHBaeT yMoOGHO B DIIeKTPOHHOM TEOpHH METAJIOB.
B sroM caydae x Goablne He ABIAETCS OMHO3HAYHOM Hempe-
PHBHO# IepeMeHHOM M OIepaTopa KOODIHHATH He CYIIecT-
Byer. Taxkoit omeparop xorenoch OH HMeTh, 9TOOH IpH
pacuerax NPOBOLUMOCTH BHPA3ATh HOTEHIHMAJN CTaTHIEC-
KO0 3JIeKTPHYECKOro IOis. 3Hech TPYRHOCTH CBABaHA C
HEBOBMOKHOCTHIO IOIJePKaHAA CTATHIECKO#H 3.14.C. B KPy-
roBoM KOHType. MoKHO 3aMeHHTDH [MKJINIECKHe TPDaHAIHEI
yCIOBAA YCHOBHAMH HEOPOHMI@emMocTd rpaHAn («ri-
gid — box»), HO 3TO HMYero He JACT [JIfA PAacIeTOB HPOBO-
OEMOCTH, TaK KaK B TAaKOM CiIyJae CTaNMOHADHHA TOK
Teus He MoykeT. DaKTAYECKH COOTHOIIGHMS, KOTOPEE IaCTO
OpeCTaBIAIOTCA MOJIYyIeHHEIMA IIyTeM HEIPaBAIBHOTO IIpH-
MeHeHHA JMHEAHOT0 CTATHIECKOT0 MOTeHIHAak a W NUKIN-
9eCKMX TPAHMYHHX YCHOBHM, MOTYyT OHTH 000CHOBAHEI
GoJiee CTPOTMMH PACCYKICHHAMA. JTO TAKKe ONPAaBIHBAET
mCHoib3oBaHme HamMe B paspese 1.3 ¢asm mona kak mepe-
MeHHO#, TaK Kak cooTHomeHme HeompenemenHocr: (1.3.3)
JIeTKO 3aMeHUTH APYTHM, CONEpIKAIUM HeompeneleHHOCTDb
exp (iy).

N

1.5. ApnaGaTngeckoe pa3ioxKeHue

PaccMoTpuM KBaHTOBYIO cHCTEMY, IaMHAJIBTOHHAH KOTO-
poii copmep;kmT mnapaMerp f, MENJIEHHO W3MEHSIOMUHACA
BO BpeMeHH. OTOT DOapaMerp, HaopuMep, MoKeT OHTBb
‘MeJJIeHHO MEHAIOUMMC 1 BHOITHAM BJICKTPUICCKAM HJIA Mar-
HATHHM nolieM. TpeGoBanne «MeqIeHHOTO» N3MEHOHAA IIONI-
pasyMeBaeTr, 4TO H3MeHEHHe f BO BpeMeBM He IPHBOIAT
K CYIIeCTBEHHOMY H3MEHEHMI0 TaMAIbTOHEAHA 3a BpeMd
IOpsAAKa XaPaKTePHOr0 BDeMOHH CHCTeMEl IPH IOCTOAH-
HOM f.

B stoM ciyuae ynoOHO BBecTH COGCTBEHHEE (PYHKINH
u, (f, ) m coGcrBernne 3Havenuma E, |(f) rammiabroEmana
H (f), paccmannBaﬂ f xax mapamerp:

LH (f) — Eq ()] 2y (f, @) = O. (1.5.1)

3nech r o3Hauaer HaGOp BCeX HEO3aBMUCHMEIX IEePEeMEHHEIX
sagaum. Temeppr pasaoKaM 10 COOCTBEHHHIM (QYHKIMAM
TaMEJIBTOHHAHA 3aBHUCAIIEE OT BpeMeHN peIleHne ypaBHEHUA
IipepmaTepa:

¥ @ )= San (@) ua [f (), 21 (15.2)



IlogcraBiaAa »TO BHIpRKeHHe B 3aBHCANIEe OT BpPEMEHH
ypasrernme Illpenmarepa, Haxoxmm

in=— 5 Enlf O an+ ). Wonlf Ol fam  (1.5.3)

rnie

ou,, (f, )
W, — S t (f, 7) — T da (1.5.4)
— MAaTPWYHHIA 9JEMeHT.

MosxHO, Kak 0GEYHO, HCKJIIOYATH MEPBHH WIeH B IPaBOil
gactu (1.5.3), mosoxmB

an=by 0xp(— 4+ g E,f (¢)] ') (1.5.5)

¢ HEKOTOPHM HPOU3BOJHHEIM HIDKHAM IIPeleoM WHTerpH-
posarna. Torma
t

bnzfzwnmexI)(_ '_;"S {Em[f(t')] -
— B, [ ()]} dt') b (1.5.6)

Kosdpdunmenter b,, oueBM{HO, HE BaBHCAT OT BPEMeHH,
eClId f IOCTOAHHO, ¥ H3MEHAIOTCA TOJIBKO 32 CUeT M3MOHEHASA
f; mpmuem cmcremMa ocraerca B MCXOJHOM KBAHTOBOM CO-
CTOAHMM ¥ TOMBKO ¢asa MeHserca corxacHo (1.5.9).
B stoMm — copep:xanne agnabaTEIeCKON TEOPEMHL.

Jlna moaydeHAs CIeRyIOmeld HONMPABKA IPENCTABIASTCH
pasyMHEIM cumTath KoadduumenTH by, B ImpaBOl TacCTH
(1.5.6) mocTOAHHEIME, IOCKOJBKY CKODOCTH X H3MEHEHHA
IpONOPIMOHANBHA Maioli BeaMvumEe f W B ypaBHEHH
oHm BXofAT ymHO;keEEHiME Ha f. Torma, momaras A
OIpe/IeIeHHOCTH, 9T0 BMOMeHT ¢ = -—— oo CHCTeMa Haxonu-
Jach B i-M HA4aJbHOM COCTOSIHHM, B OHOMCAHHOM IpH-
OJZKEeHNN TIOTYINM

t

b= 1Wasoxp(— - § (Bi 11 00 — Ealf @)D ¥,
(1.5.7)
9TO CBOAUT 3a7MaYy K KBaJApaTypam.

B GoxbmmHECTBe IPHMIIOKEHMH IPAKTAYECKWHA WHTEpeC
IpefCTaBIsAeT ONpeielIeHHe BEPOATHOCTH TOTO, UTO, IOCHe
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IpeKpamenns [efCTBAA HOJIA, CACTeMa OKa)KeTcs B HEKOTO-
poM cocTosHAHM n. B droM cayuae TpeGyeTcs BEIYMCIATH
maTerpan (1.5.7) mo Bcem 3HaYeHmAM { OT —oo 10 —-oo.
Jlna MefeHHO MEHAIOMErocA IOJA BTOT HHTEIPAN MOJKET
GHITH 9UPe3BHYAMHO Mall, SKCIOHEHIWAJILHO yOHBAA B 3a-
BHCHMOCTH OT XapaKTePHOTO BpeMeHHM HM3MeHEeHWA Hapa-
Mmerpa apmabatuaHOCTH f.

B xauecTBe MIIIOCTPAOMH PACCMOTPHM CIyd9ail TapMo-
HAYeCKOT0 OCHMJIJIATOPA B 3aBHCANIEM OT BPeMEHH JJIeKTPH-
geckoM moje. Torpa

H=71n—— 2+%m2x2—-—nzm2f(x)=

— o P et @ — ) — o (1.5.8)

Co6crBerHHe pyHKIME OCHOBHOTO B HEPBOr0 BO30YKIEHHOIO
COCTOSHMSA TAKOBHL:

ug = (B / )4 exp [—P (z — f)*/ 2],
u, = 2 VP (B/m)* (x — f) exp [—P (= — f)*/2],
B=mo/h,
TaK 49TO
ouy/of = V Puy/2.

CreoBaTeIbHO, MATPUYHBIA anemeHT W, ,, ompeneleHHHIHA
pepaskeHueM (1.5.4), oTam4eH OT HYJIA, €CAM TONBKO
n = 1. YpoBHN dHepruMm PaBHH

E, (f) = (n + 1/2) ho — mo?*f?/2.

Ilna cucTeMH, HaxoAAme#cs B OCHOBHOM COCTOAHHH

opu ¢ = —oo, ypaBHeHme (1.5.7) Temepr nmpmEEMaeT BHJ
by = f VB exp (iot)/2. (1.5.9)
BriGepem, fis npumMepa,
f = A exp (— yt¥/2). (1.5.10)

BeposaTHOCTS HaXO0KJAEHAs CHCTEMHI B IEPBOM BO30Y:KIeH-
HOM ,COCTOSHME IHOCJe TpeKpameHuds [OedcTBAA NOJA
ectb | by (00) | 2. Mmrerpmpya (1.5.9) mo Bpemenm oOT
—o0 [0 oo, HaXOAMM

by (0) = imd (p/2y)Y? exp (—w?/2v). (1.5.11)

BaxHO TO, 4TO 9TA BEJAMYMHA OUEHB Maja, eCIM Mal ajua-
fatmaecknmit mapamerp y/w®. JleiicTBATENBHO, BHIpa’KeHHE
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(1.5.11) yOmBaer Gricrpee 06Ol CTEmEeHM 3TOr0 Hapamer-
pa. Ho mepexoms or sBeipaskeRmsa (1.5.6) r (1.5.7), Mu
npeneGperaeM YieHAMHW BTODPOTO HOPAAKA, T. €. WICHAMH,
comépskammmu y2. OdeBHAHO, HMOTKY/AA He CIeIyeT, dTo
TaKde YIeHH MAJH [0 CPABHEHWIO ¢ HAIIUM Pe3yJIbTaToM
¥ MOTYT OHITH OITYTIEHEI.

MosxkrO0 momymarb, 4ro Mamocth (1.5.11) mpomcrekaer
#3-3a BHIOOPA rayccoBCcKoro pacmpenenerus ans f (t). Uro-
OH IOKas3aTh, YTO 3TO HE TaK, PACCMOTPHM JOPEHIEBCKOE
BHIpaKEHHE

f= Al + y12). (1.5.12)

N B dTOM ciayJae WHTETpHPOBAHWE L0 BPEMEHM MOJKET
OHITH HPOBENEHO 10 KOHIA, a WMEHHO

by (o) = — (inw/2)Y p/v4 exp (—o/V 7). (1.5.13)

OusaTh NONYyYNIM SKCHOHEHOWAJBHO MAXYy0 BeJWIWHY.

Tpynuao HaitTm 6oJjiee HANEIKHYI0 OIEHKY BEPOSATHOCTH
mepexofia B ciaydae, OauMaKoM K apmaGatmaeckomy. Ymc-
JIeHHbIe PAacYeTH, NPWBEfeHHEE B NOKTOPCKOH HamccepTa-
mam . B. lledpdaepa (1970 r., Oxcdopr), xora u He
ACYEpPIHBAIOT BOIPOC, YKA3BIBAOT, 4TO TOYHHM OTBET,
Tak e KaK W «IpuOamKeHHHN», moxydeHHnd m3 (1.5.7),
SKCIOHEHIMAJIbLHO MaJj, HO He 0013aTeIbHO AaNNpPOKCHMH-
pyerca dopmynoir (1.5.7) *).

IMoyumrenpEO CpaBHHTH 3Ty 3ajady C aHAJOTHYHOM
3agageit, [IsA KOTOPOH B HEKOTOPOM CHIeLNMAaJbHOM Clydae
OTBET M3BECTEH. JTO ONHOMEpHAs 3a/faga O JacTHIe, Hpo-
XOfiAmei gepes noJioruii 6apbep mim My, KOTa HOTeHIral
MeNJIeHHO MEHAeTCA [0 CPABHEHMI0O C [JIMHOHX BOJHEL.

Sanmmem ypasmeHme IllpemmHrepa paxs 9Toilt . 3amadm
B BHJE

I —u@)]p=0, (1.5.14)

rae k — BoixHOBOe 4mci0, a u (r) oTIMYaeTca OT HOTEH-
OuaabHOM »Heprumm muOKuUTemeM 2m/h?. Torma
P () = a, (z) exp [i® (x)] + a, (z) exp [—iD (x)],
(1.5.15)

*) Bosmee cTporoe paccMOTpeHme 3Toro Bompoca cMm.:. Jawu-
day JI. J., Jugwuy E. M. KBanToBass mMexasuka: Hepexarusucr-
cKas Teopus.—3-e u3Q., uepepal. u moum. mpu ywactum JI. II. Ilu-
raeBckoro.— M.: Hayka, 1974.—§ 53.— (Teopermueckas ¢usuka;
T. III). (ITpumeu. ped.)
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e
@@=\ VI —u@)d’ (1.5.16)

— IOKa3aTedh JKCHOHEHTH, Bcrpevaiomeiics B BHB-npn-
0 TmKeHnn.

Ecnum 66t B (1.5.15) rKosddpunuents a, 1 a, 6l1E HOCTO-
AHHH, KaK pas mojyamics Oul riaasusit wies BHB-mpn6an-
JKeHHs, a Opu ycaosum, uro yEKnuma O pmeicTBUTeNbHA
opm mo0HX 3HaYeHHMAX z, T. €. OpH moreHmumaige Gapeepa,
MeHBIIeM SHEPrMH YacTHIK, B 3TOM IPHOJIMKeHAH OTpa-
JKeHMe OTCYTCTBOBAJO GH. [{na ynywImeH:ma OpuHOIMKeHEA
paspemnM KosdpdunymenraM a; U a; MEHATHCA ¢ N3MEHEHHEM
z. Onpepenerme (1.5.15) He 3amaer WX OXHO3HAYHO, H,
nag ymo6cTBa, MOMKHO IOTpeGoBaTh, ITOOH

V' = i@ (a, exp (i®) — a, exp (—iD)). (1.5.47)

Torma m3 ypapuenus IllpepwHrepa m HammX ONpefeJIeHAR
HAXOIIM

’ 1 ®” q)
G =——a ,+—a —— oxp (— 2iD),

: 1;’, 2 2;’ (1.5.18)
ay= — -Gy + 5 @1 g €XP (2iD).

Mo’XHO MCKJIIOUATH IepPBHI WiIeH B IPABO# JacTH KaKAOTO
M3 THX ypaBHeHWH, MOJOKHB

(1.0 = by o (D) V2 = by  (k* — u) V4. (1.5.19)

Konmcrantet b, m b, COOTBETCTBYIOT BTOPDOMY IOPAAKY
BKB-npubnmmenns — Bce eme 0e3 orpaxkennsa. Ilop-
crasaasa (1.5.17) B (1.5.18), maxomum

by = 4(k;‘—_exp (— 2i®) by,
(1.5.20)

by = W—— exp (2iD) b,.

CrpyKTypa 5THX ypaBHEHHA OYeHb CXOMHA CO CTPYKTYpOi
ypasuenmii (1.5.6) musa Toro caydas, KOrga CYMECTBEHHEI
tTonbko nBa ypoBHsa. I[Ipasma, B [aHHOM ciydYae, ecid
COCTOSTHHA He BHIPOKIEHH, MO)KHO BHIGPATh COGCTBeHHEHIE
¢yarnum feficreurensEnMa, u TorAa m3 (1.5.4) _moxyIum
Wy, = —W,,. OT0 mpHBOAWT K Iape ypaBHeHWA C IPO-
THBONONOKEHMYE 3HaKamm. OgHaKo He HOXOKe, UYTO BTO
npmBegeT K GONbIIOMY pas3iuddi0 B MOBEOHANM peNIeHHid.
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Nnn ypasmemms (1.5.14) roumoe pememme zamaum 06
OTpaskeHNWH IPH IOTEeHIUAJe

u (x) = —uy/ch’ax (1.5.21)

maHo B «HBaHTOBO# Mexammke» Jlammay m JImpmumma *).
Nma norydeH KoaUOUEHT NPOXOKACHAS YACTUOH depes
IOTeHIWANBHEIH Oaphep:

T = sh (skfor) (1.5.22)
sh? (sk/er) + cos? [(71/2) (1 — 4uo/a?)/?] * )

Hac wunTepecyer apmabaTmueckmit — mpepen, IpH
KoTopoM orHomeHue Kk/a. Bemmxo. CoxpaHAsA TIaBHHM
9JeH, HaXoguM KoapdummeHT oTpakeHns R:

R =1—T ~ 4 cos? [(n/2)(1—4u,/a?)!/?] exp (—2nk/a).
(1.5.23)

Ecam B pobaBieEme K npenmosioykenuio o mainoctn a/k
MH mpuMeM, 9T0 4u,/a’ TakyKe Majas BeIWIWHA, TO BEIpa-
JKeHme AnA R yopommaercs:

R = (4nug/at) exp (—2nk/a). " (1.5.24)

Ecam, ¢ ppyroit cropomsi, cucremy (1.5.20) pemars
agasormaeo (1.5.7), To Haymo BHIOpATh Ha9aAbHYIO aMILIATY-
Ry b, mocTossHHON M paBHOM enWHANE, a Haita by (—oo) —
aMIOJIMTYRy OTPasKeHHO# BOJHH. Ecam OOATH IpefmoJo-
JKOTH, YTO 3HAYeHHMe U, Majo, TaK YTO 3HAMeHATeJIHm B
(1.5.20) pasas k2%, a pyaknusa D B sKCOIOHEOHTe OKa3KBAETCHA
pasHO# kz, T0 R = | by (—oo) | 2 & coBmapmaer ¢ (1.5.24).

Taxum o6pasdom, B 3TOIl YacTHOH# 3ajade NEPBHI 4jeH
anmabaTagecKoro mpubimKeHMsA JaeT IPABHILHHHA OTBeT,
eclin IOTeHnuaj] MeljeHHO MeHsaercs u Mmai. IIpmrommocTh
amuabarauecKoro npubamxenns 6oiee mpodieMaTHIHA, €CIH
DOTeHnUaJ He Majl, ¥ HeM3BeCTHO, Oy/eT JHu OTBOT IO-IIPek-
HEeMY NOpaBHABHEIM. (JTO KajKerca MAaJoBePOATHEIM, TaK
Kak, pemas ypasaeHus (1.5.20), ME orOpocmam dWiIeHEH
mopanKa uy/k*, Torma Kaxk mompaBkm K (1.5.24) mopapka
uo/a’.) HemsBecTHO Tak:Ke, ABIAeTcA JU OOHApYKEHHOE

*) Jawday J.J., Jdupwuy E. M. KBaHEToBas MeXaHHKA:
HepeastupucrcKas Teopus.—3-e u3f., mepepab. u [Jom. OpH yda-
cram JI. II. Tluraesckoro.— M.: Hayxka, 1974.— § 25.—C. 105. —
(Teopermueckas ¢uaura; T. III).
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coBIIajleHNe XapaKTepHO# 0CO0EHHOCTHI0 KOHKDETHOrO HC-
DOJB30BAHHOTO HOTEHIWAJAa WX 3T0 Gosee oOmui pe-
3yabTar *).

1.6. MuaTepuperanusa KBaHTOBOIl MeXaHMKH

B nBammatoM BeKe JBe BelUKHe peBOJIONUN B Pu3nKe
(Teopus OTHOCHTETBHOCTH M KBAHTOBAas MEXAHMKA) IOTPe-
0oBa/MM KOPeHHOT'0 MEepecMoTpa OCHOBHHIX IpeJCTaBIeHMi
0 TpoCcTpaHCTBe, BpeMeHW W IpwinHHOCTH. Vmeum Teopumum.
OTHOCHTEJIbHOCTH, KOTOpHE OCOOEHHO 3aTpParuBajd KOH-
[eN@i0 BPeMeHH, MEePBOHAYAJIBHO BCTPETHIH 3HAYUTEb-
HOe IpoTHBOjieficTBHe CO CcTOPOHBl ¢uiaocodos. Opuoit
73 BO3MOKHBIX OPHYAH 3TOr0 OBLI TOT (AKT, YTO CIOBO
(OTHOCHTENBHO», B CMBICIE «BCE OTHOCHUTENHHO», KCIOJb-
30Bajioch pumocopamMu He TaK, KaK 9TO IMOHATNE HCIOJIb-
3yeTcs B TeOpum OTHOCHTeNAbHOCTH. B camom pexe, cyi-
HOCTh ToclelHell — cHopMyIupoBaTh 3aKOHH (HU3UKHA B
TAaKOM BHJEe, B KOTOPOM OHH HMEOT HEOTPAHMICHHYIO
HIPEMEHEMOCTb, HE3aBACHMO OT COCTOSAHHSA JBU/KeHUA HAG-
aoparelns. Bmoane BEepOATHO, YTO HEKOTODhHIE W3 IEePBOHA-
Y4aJbHBIX BO3PAKeHUH B [eACTBUTENBLHOCTH OCHOBHIBAJINCH
He Ha COfiep/KaHMM HOBOM TeOopum, KOTOopoe ObIO TPYHHO
OOHATH, 4 HA €e HAa3BAHHMU.

Korpma copepskanme W CYIHOCTH 3TOX Teopmu Obuin
HOOHATHL Jydllle, OHA HMoJay4uiaa Oojee IMKUPOKOe HMpU3HAHUE,
A cerofHd Haiimerca HeMHOro (¢umiocofoB mianm (PUBUKOB,
KOTOpHe BHIBATAOT KaK@We-Iu00 IPUHIUIHANbHEE BO3-
pa)KkeHUs OPOTHB UMEA TEOPHH OTHOCHUTEIbHOCTH.

B cay4ae kBaHTOBOM MeXaHMKH BO3PasKeHUA CO CTOPOHEL
¢umocopop BHauade ObIM 3HAYATETBHO MEHee HACTOM-
yupeIMEA. B KoOHI[Ee [BafaTHIX X B Hadale TPHUIIATHIX
rO0B PEBOJIONUS B MUPOBO33PEHUN, XapaKTepu3yIOIIaAcsd
Ayadu3MOM MKy BOJHAMF M JacTHIIAMH ¥ IPHHIUIOM
HeoIpefeJenHocTn, Obla IpeaMeToM HAmpsyKeHHBIX IHC-
KyccHii cpefii M3MKOB, KOTODHE JOKHB OBLIA IPUCIO-
cOGMTBCA K HOBHIM HIeAM, H3YYATh MX [0 TOHKOCTEHd H
VIOCTOBEPUTBCA B MX COTJIacOBaHHOCTH. DopH, Teiizen-
6epr u Hunbe Bop chopmynupoBaan HPMHIAI COOTBETCTBHAA.

*) Pemenue 3agadu o6 oTpakeHH: oT 6apbepa B o0meM ciydae
npumernumocts BHB-upubamxenus cm.: Jawday JA. J., Jug-
wuy E. M. KBamroBasg MexaHuKa: HeperaTHUBHCTCKaA TeopHA.—
3-e uap., mepepa6. uw pon. upu ydacrum JI. II. Iluraesckoro.—
M.: Hayka, 1974.—§ 52. — (Teopermueckas ¢usuxa; T. I1D.
(ITpumeu. ped.)
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Hpyrue, Brilodas ONHIITEHA, KOTOPHI BHEC GOJBIION
BKJIAJ B pa3BUTHE KBAHTOBOIl TEODWH W [aske B ee HHTEp-
NpeTanuio, OBIIN BEIHYKISHH OTKA3aTHCA OT KIACCHIECKNX,
MHTYATUBHO yOe[NTeNIbHBIX NOHATHA NPUIAHHOCTH | JI€TEP-
MUHU3MA. JWHINTeHH NPEeNIPUHAN MHOTO IONLTOK HANTH
nprMepH HapylIeHWs IPUHIANA HeompenejleHHocTr; Huibse
Bop memsmenno maxopmmn ciaGoe MecTo B ero apryMenTa-
nua. It nebaThl mOMOraM YrayOWTh Hame IOHIMAHEE
HOBHIX WJedl W YKPenwiId Halle [0Bepre K HUM.

Xora JiiHmTeHA He yHagoch yOemuTh, 4TO KBAHTOBAA
MeXaHMKAa ¥ NOPHHIULN HEONPEeleJeHHOCTH — OTHO U3 OC-
HOBHHEIX €€ IOJIOKeHNN — HEmOKOJeOMMEI, OH YBayKUTEIbHO
OTHOCHJICA K 3TOH TEOPHMH M SCHO IPEJCTABIAN pa3Mep
paboTe mo ee MoguPUKANAX WU 3aMeHE [PYTroil Teopueii,
KoTopasg He 3aTPOHYJa Ol OTPOMHOTO YMCIA HOCTHKEeHMIA
KBAaHTOBOU MEXaHWKH.

HIpenunrep Takxe OblI HEYNOBIETBOPEH YTPATOX HpPOC-
TOH ¥ IPUBIEKATEIbHON KAPTHHB, B PAMKaX KOTOPOW
BOJIHOBasg (QYHKIUA BJJIEKTPOHA B aToMe BoIopoxa Obiia
¢r3MIECKOX BEJWYMHOUA BpPOJE KOMEONAOIMENRCS CTPYHH
uau moiast B BomuHosome. OH, oqHaKo, mMpU3HABAal, 4TO 3Ta
mpocTas KapTHHA HE MOJKeT 00bACHUTDH SIBICHUI, B KOTOPHIX
ydacTByeT Oojiee UeM ONMH 3JIEKTPOH, ¥ 4TO OHA IPOTH-
‘BOPEYAT ILEJIOMY PARY APYyrux HaOmomaeMbx (aKTOPOB.
Xora npuHATaA WHATEPIpETands KBAHTOBOM MeXaHUKH
He ymomiaersopsana Illpegunrepa, oH He yTBep:KIag, 4YTO
MOKeT UPeRJIOKATH Jpyroi sapuant. [le Bpoitns omgxO
BpeMA IpumieJ K TeM jKe BHBOJAM; B KHure, omyGauko-
parHOM B 1929 r., om yOexpman ceGa um umraTeneir, 4To
aJbTepPHATUBHEE JeTePMHUHMPOBAHHEIE OPMBI TEOPHAH, KO-
TOpHle Ha IEePBRIA B3IJIAN Ka)KYTCA IPUBIEKATEIbHBIMH,
Henpuemiemsl. [lo3nHee OH BepHYJCA K NOMCKAaM TaKHX
aJbTePHATHBHHIX (OPM TEOPHUH.

Bce ¢pusurm qomKHE OBLIA TIATENHHO, MYHKT 33 OTYHK-
TOM pa3o0paTh Te K€ JOBOIHI M CTOJKHYTHCSI C TEMH IKe
OPUHIUNUAABHBIMA TPYMHOCTAME, HIPOMCTEKAOMUMA W3
Toro gakra, 9T0 HAMIA MHTYUIUA (GOPMHDPYeTCS B Pe3yiab-
TaT¢ TMOBCEJHEBHOIO OMLITA, B PaMKaX KOTOPOTO He 3aMeT-
Hbl HA PeNATABUCTCKAE YTOYHEHUS, HA KBAHTOBHIE dPQEeKTH.
BoapmiracTBO HAYYMIOCH BOCHPUHAMATH HOBEHIE HJIEN X 0CO3-
HAJIO, 9YTO OHHM ABIAKTCA HEOTHEMIEMOW YacThi0 JOTHKH
KBaHTOBOM MeXaHUKH.

O[uH KOHKPETHHIA BOIPOC, WHTEPECHBIA B CBA3BH C
OCHOBAMHU TEOPHM, 3TO BOIPOC O TOM, MOTYT JH CYLIeCTBO-
BaTh «CKPHTHE mapamerpo». Ilpm wamepeHmnu ¢uamuecKon
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BeJMIWHEI, KOTOpAasA, [JSA OPOCTOTH, MOKET IPHHAMATH
IBa 3HAYeHMsA, KBAHTOBAasd MEXaHWKA B 00LEM ciydae HE
MO}KeT IpejcKasaTh MCXOJi M3MEPEeHHS, a TONbKO omIpee-
JISeT BEePOATHOCTH NOJYYeHHsS TOTO WM HHOTO DPEe3yib-
rara. B kiraccuueckoii pusure, 0COGEHHO B CTATHCTUIECKOR
MeXaHHKe, ME TOKe CTAJIKMBAEMCH C CATYamusMH, B KOTO-
PEIX MO}KHO BHICKA3aTh TOJBKO BEePOSATHOCTHEIE YTBEDPIKIE-
HHAA O pesyibraTe SKCIePHMEHTa, HO 3TO CBA3AHO C TeM,
9TO MH HPaKTH4eCKU He MOKeM WU HE XOTHM H3MepUTh
BCe. IePEeMeHHEIE, KOTOPHIE OIPENEeIAI0T UCXO] HKCIePAMEH-
Ta. BosHUKaeT BOmpOC: MOMKHO JIM B KBAHTOBOH MEXaHWKe
OpPEefOONOKUTh CYIECTBOBAHME IIepEeMeHHKIX, 3HaUeHHe KO-
TOPHIX HaM HeM3BECTHO U, IO IPUHIAIY Heolpe/ieJeHHOCTH,
JOMKHO OCTATHCS HEM3BECTHRIM, HO 3HaHME KOTODHX 4103-
60aus0 6bl OIpeJeNuTh Pe3yJbTATH dKCIepUMeHTa?

OcTaBMM B CTOPOHE BOIPOC O TOM, Y€r0 MH 100beMCH,
y3HaB O CYIIECTBOBAHMH TAKHX CKDHITHIX IIapaMeTpoB,
MOCKOABKY HHKOTJA HE CMOKEM OIPEAeNuTh WX 3HAYCHHA.
OrMernM IWmb, 9TO 3ajada Kasajach peIIeHHOH Iocie
toro, Kak ¢om HeiiMmam pgokasan, 4ro mobad Teopud,
B KOTODOM IHpeJCKa3aHWA Pe3yJbTaTOB H3MePeHWil BCeraa
COrJIacylTcA C OpelNCKasaHWAMH KBAaHTOBOW MeXaHWUKH,
HE MOKeT COjep;KaTh CKPHTHX IapaMeTpOB.

B mocnegane romsl B0300HOBHIKCH TUCKYCCHA IO IIOBOAY
3THX HPeACTaBIeHHN, U HEKOTOPHE IOABEPraloT COMHEHHIO
TO, YTO OHA HA3HIBAIOT (KOIEHTAareHCKOH WMHTepIpeTranueit
KBaHTOBOM MeXaHMKHY,— KAaK ecid OHl CYIecTBOBaJIO0 Goiee
9eM OJHO BO3MOKHOE TOJKOBAaHHE TEOPWH.

Xouercda cpemraTh 3amMedaHHMe OTHOCHUTENBHO [BYX ac-
OeKTOB 3TUX [e6aToB, KOTOPHIE COJAEPKAT 3JIEMEHTH CIOp-
mpusa. IlepBoe — sto TO0, 4Wro B pe3yibTaTe TaKOM
mackyccum [[3x. C. Bemn mMen moBon mepempoBepuTh [o-
KasareabcTBo ¢oH HeifiMana, Ha KOTOPOe MH CCHLIAJNUCH.
Benn namen, 9ro 9TO J0KAa3aTeJIbCTBO OCHOBHIBaeTcs Ha
OPEAoN0KeHNH, I KOTOPOTrO, C TOUKH 3peHusd (QH3UKH,
MO-BUMMOMY, HET BEeCKHX OCHOBaHUH, HOo 0e3 KOoTOporo
TeopeMa, copmymmposanHan ¢on HeiimanoM, Hecmpasen-
nusa. Ograko Bemr cymen mokasarh, 910 JJIA NPaBUAJIBHOTO
00bACHEHASA HEKOTOPHX BAKHHIX TUIOB M3MEPEHHH CKDH-
THE IapaMeTpHl JOJKHE HApPyniaTh yCJIOBHE JOKAJIBHOCTH,
KOTOpOe ABIAercA TpebOBaHMEM, CYI[eCTBeHHHIM Aius Ppusn-
KoB. ITosToMy Touka 3peHMsA, KaKoil OHA IIPeJCTABIAIACH
mociie mokasaTenbcrBa Gor Heiimana, Oblna BocCTaHOBIEHA.
YauBuTenbHEIM 3JeMEHTOM B JTOH CHTyaluW SBIAETCA
TOT (JaKT, 9T0 B JOKA3aTEIbCTBE, CTOJND YACTO IUTHDPYEMOM,
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TaKOil OCHOBOIMONATAWINME MOMEHT OCTABAJICA He3aMe-
YeHHHIM TaK MOJTO.

Pesynsratst Benna comepsarcs B 1Byx crathax *),
opmdeM HaJano paGoTH — B CTaThe, ONYGIMKOBAHHOK
OpHMEepHO Ha ABa Tofia IIO33Ke, YeM 3aBepmialomas JacTh.

O6cysxpas apryMenranuio Denna, Hajo NOMHHTH, 4TO,
Tak jxe Kar u noBofaH ¢oH Heiimana, oHa OTHOCHTCS TONBKO
K BO3MOJKHOCTH BBECTH CKPHTHE NapaMeTpH TaK, YTOGH
OCTaBUTH BCe KBAHTOBOMEXAHWYeCKHe NpefCKa3aHHA pe-
3YJIBTATOB M3MepeHHA HemaMeHHHMH. MH He o6cy:xmaeM
87ech AalbTePHATHBHYI0 BOBMOKHOCTH TAaK HM3MEHHATH
Teopmio, 9To0H OHA JomycKada OH BBefleHHEe CKPHTHX
napamerpos. C OfHOH CTOpOHH, fAA TOro 9YToGH TaKas
MonupumEpoBaHHAA MeXaHHMKa OHIa IpmeMjeMo#l, OHA
INOIJKHA BOCIPOM3BOJMTE BCEe Te IPENCKA3aHWs KBAHTOBOM
MeXaHOKH, KOTOPHE XOPOMO COTJIACYIOTCH ¢ SKCIepHMeH-
ToM, a B ofjacTd HepeIATHBACTCKOA MeXaHHKH 3TO YT-
Bep;K/IeHNe OTHOCATCS K CTOJIb OOIMMPHOMY KIACCY ABICHUMA,
9YTO MOCTPOEHHE TAKO! BMJOM3MEHEHHOH TeOpHM IpPefCTaB-
JifeTcs YpessHUaiino saTpynHEUTeAsHEM. C IpYyroi CTOPOHE,
efBa JO MOKHO J[IOKa3aTh W TO, YTO OIpefeleHHAA
TAK paCIJHBYATO MOAEPUIMPOBAaHHAS TEOPHA He MOKET
CyIIecTBOBATh. XOTA He GHIIO HalileHO HX OJHOTO ABHOTO
IpOTHBOpEYHs, MH BCe eme He WMeeM rapaHTHil, 9ITO Cy-
IMecTBYIOIAe NMPAHIANE KBAHTOBOH MeXaHWKH NOCTATOTHEI
IJIS TOJHOTO ONMCAHHA fABJEHHA B JusmKe dIeMeHTaPHHX
gactan. MoskHO AymaTh, 9TO ecam IOHAmoOATCA HOBHE
Wen, 9T0, KOHEYHO, BIOJHEe BO3MOKHO, TO OHH CKOpee
yBeAyT Hac eme fajbllie 0T KIACCHIECKAX IpefcTaBIeHHi
O JeTepMHHM3Ma, UeM NpHBeAyT K Bo3spary k HmM. Ho
BCe 9TO JIe0 GyAyImero W ImOKa ocTaeTcA B oGmacTm mpef-
IOJIOKeHn .

BepreMca k Gonee KOEKDETHOH BOBMOKHOCTH BBEJEHHA
CKDHITHIX IapaMeTpoB B CYIIeCTBYIOme# KBaHTOBOW MeXa-
mmKe. PaccmorpmM fiBa omepatopa A m B, orHOCcAmMmECH
K nByM HaGmonaemsim Beamanaam. Torna A 4+ B —Toxe Ha-
GaomaeMast BelIMYMHA, COOTBETCTBYIOMAA DTOMY OIEpaTopy.
B .kmaccuveckoit pusmre mameperme A 4+ B moxer GHTB
TpOBeJieHo IyTeM OoTAeabHoro msmepenns A m B m cioxe-
HHAA pe3ynpTaToB. B KBAHTOBON $msuke, ecim A m B me
KOMMYTHPYIOT, 3TO HPOTHBODEYHAT NIPHHIOUNY HeOoIpe-
nenesEocTd. MamepeHmio A -+ B TOrja COOTBETCTBYeET

*) Bell J. S.// Rev. Mod. Phys.—1966. — V. 38.— P. 447.
Bell J. S. /] Physics.—1964. — V. 1.— P. 195.
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OTHEJIbHBIA JKCIePUMEHT, HE CBOAANMUACH K WM3MEpPeHUIO
orienvio A niu B. HecMoTpsi Ha 3TO, B COOTBETCTBHH C
OCHOBOIOJIATAIOMUMIA OPUHIMIAMA KBAaHTOBOH MEXaHUKH,
OO-TIPEeJKHEMY WMeeTcH JHHEHHAas CBA3b MEKAY OKumae-
MBIMI 3HAUYCHUSIMM:

(A + B) = <{4) + (B). ’ (1.6.1)

Ecan cymecTByloT CKpHTHE IapaMeTpbl, TO TOJMKHA
ObITh HEKoTOpas BeawuywHA 1) (PAKTHYECKH OHA MOKeT
cofepyKaTh HECKOJIbKO IEPEMEHHbIX ), 3HAHME KOTOPOM II0JI-
HOCTBIO OIpEMIENUT Pe3yIbTATH BCEX MBMEPEHUN CHCTEMBI,
BKiaiouas usmepenue A, Bu A + B. ®on Heiiman npmasan
06e3 MoOKa3aTeJibCTBa, 4YTO OJTH 3HAYEHHS [JIA Ka)KIOro
naHHoro 1 GyAyT YIOBIETBODATH TOMY Ke COOTHOLIEHWIO:

(44 B)(m) =4 )+ B (). (1.6.2)

Ho mer moBomoB, HAa OCHOBAaHAM KOTOPHIX 9TO OBLIO ORI
Heo6xomumo. U3 (1.6.1) mumb BrTeKaeT, 4To IPU yCPETHEHUIT
¢ MOAXOMIAIIAM BECOM II0 BCEM 3HAUYEHHUSAM 1) IPaBasa U JIeBask
gacta (1.6.2) EMe0T OTHO U TO K€ CpelHee 3HAUEHHE.

B 10 ;Ke BpeMs odYeHB JIETKO IPUUATH K IPOTHBOPEUHIO,
npegnonokus cupasemausocth (1.6.2) B obmem cayugae.
Ilna oGwexTa co cumuoM 1/2 paccMOTPUM COCTABIAMYID
CcOMHAa B HEKOTOPOM HANpAaBJeHMM Ha IUIOCKOCTH I, Y.

s" = s, cos 0 + s, sin 0. (1.6.3)

KpaHTOBaA MexaHMKAa IIpeJCKAa3HIBaeT, 9TO KaKIAd Wu3
BeIWYUH Sy, Sy B S MOKeT IPHHAMATH TOJBKO 3HAYeHHSA
+1/2. Jlpyrumu caoBaMu, HY;KHO HAaiiTH TaKue [Be QyHKIAN
Sz (M), sy (), KKAasa u3 KoTopex ects +1/2 mu1a mexoro-
pHix 3HaveHmt M 1 —1/2 mad ApyrEx, Tak 4to KoMOmHATUA
(1.6.3) Bcerga pasHa =4=1/2. Jto, OUeBMAHO, HEBO3MOMKHO.
Nrax, us mocrynara (1.6.2) mememmenno ciegyer Teopema
¢on Heiimana.

Opuaxo Ges aToro mocrynara nporuBopedus HeT. YToOH
moKasaTh 3T0, Bemn mocrpoun mpumep QYHKIME Sy, Sy,
s’ mepeMeHHO# 1), KOTOpDHE NPMHAMAIOT TOJBKO 3HAYCHHS
+1/2 m pnaa xoropux (1.6.3) BrmomHAETCA B CpegHEM.
ITa [0CTaTOYHO HaJyMaHHAsg KOHCTPYKIUA He IPETeHRYeT
Ha KaKy10-1160 u3nvecKyI0 000CHOBAHHOCTD, HO OHA CHYKAT
OKa3aTeabCcTBOM TOTO, 4To moctynar ¢or Heitmanma HeoO-
XOMM IS HOJIYYeHHAS ero pesyjabrara.

Bo Bropoii cBoeit crarbe Bemn cmor mokasarh, 4To B
Gomee CIOKHOU cuUTyauud, deM U3MepeH:e OFHOTO CIIWHA,
BBefleHHe CKPLITHIX IapaMerpoB Tpebyer HEKOTOPOTO YyCJo-
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Bud, Kofopoe 0H HazBay «HEIOKAIbAOCTHION. 01_10 BO3HHKaer
clefylomuM o0pasoM: pPaccMOTPUM BKCIEPHMEHT, 06CyK-
mapimiicsa B cTarbe JiHmTeitHA, [TogoascKkoro u Posena *).
IIycrs ussectHo, uTo ABa 06BEeKTa co coumHOM 1/2 HaxomaTca
B cocrosHu® ¢ pesyiabrupywomum cumpom 0. Torma ecam
MH H3MepHM Z-KOMHOHEHTY cumHa dactanm 1 m Haiimem,
4970 OHA paBHA 1/2, TO MOKHO C TOCTOBEPHOCTHIO HPENCKa-
3aTh, YTO Z-KOMITOHEHTA CITMHA JACTHI(El 2 OKAMEeTCS paB-
Boit —1/2. To :xe yTBep:KmeHWe CHpaBemaWBO, ecld [JA
n3MepeHusa comHa dvactunsl 1 BeGmpaloT mi06oe apyroe
HampasjieHHMe. 3aMeTHM, 9YTO 3Ta CHJIbHAA KOpPpPelanus
AMEeT MeCTO M B IIOCIHeIYIOIIAe BPEMEHA, eCId TOJLKO
4acTHLA He IOjiBepraercs AefCTBHI0 MATHUTHOTO IOJIA WJIH
APYroro BJHSIOWIEr0 Ha COHH BO3JeicTBUA. B Teuenme
9TOr0 BpeMeH# YaCTHIIbl MOT'YT IPOXOMTh GOJIBIINE PACCTOA-
HiA 4 ObITh 3HAYMATENHHO PA3HECEHH B IPOCTPAHCTBE.

Benn noxasau, 910 B 3T0# CATYalMX CKPHITHE IIAPAMETPHI
HE MOryT BOCIPOM3BECTH BCE CTPOTHEe IpeNCKa3aHusd
KBAaHTOBOI MEXAaHMKH, €CIU IO-NPEKHEMY He IPeNIoJio-
KHTh, UTO IPHA NAHHOM 3HAYEHAU CKPHITOTO Iapamerpa
CIHH YaCTHUIIH 2 3aBUCHAT OT TOT0, KAKYI0 CONHOBYI0 KOMIIO-
HeHTY JactTuusl 1 Mbel BeIOpanu s uamepenusa. Tax Kak
9acTHIB MOI'YT OHITH HACTOJBKO JNaJeK: APYr OT Apyra,
9T0 HE OJMH CHTHAJ HE MOKeT HPOKTH OT OJHOM YaCTHI[I
K JIpyroii 3a BpeMsa MeKIy m3MepeHmeM Ha dgactume 1 u
CBA3aHHBIM C HAM u3MepeHuWeM Ha dactuie 2, Beaa cmpa-
BeJIMBO 3aKJIIOYMI, YTO TAaKOe HEJOKAJIbHOE BIHAHUE
(u3MIeCKN HeIpueMiIeMo.

Ecnu 3amennts mocrynar gor Heitmana o6 fagmurusroC-
™M Oosee (MBMYHBEIM ILOCTYJAaTOM JOKajJbHocTH beina,
TO MH IPUXOJNM K 3aKJII0YEHAI0, HECOMHEHHO HO/TBEP:KIa-
fomeMy teopemy ¢oH HeiimMama, 9T0 CKpHTHE IapaMeTpHl
He MOTYT OHITh BBEJCHH 0e3 OTKa3a OT HEKOTOPHIX pe3ylb-
TATOB KBAHTOBOH MeXaHHKH.

Ewme ogHo 3aMeuanme, KOTOpoe XOdercs CHeIaTh,
OTHOCHTCA K CTAfu#d, HA KOTOPYIO 9acTO CCHLIAIOTCA KakK
Ha (PeIyKIUI0» BOJIHOBOro makera. PaccMOTpUM KBaHTOBYIO
CHCTEMY, KOTOPasA BHAYAJE OMUCHIBAETCH BOJHOBOU (yHKIM-
eif \p. Ecim mposectu uamepenune Haj| cucTeMOil, TO B o0meMm
cJydJae HeJb3f C JOCTOBEPHOCTHIO IIPEICKA3aTh ero PesyJib-
TAT, & MOKHO TOJBKO YKa3aTh BEPOSATHOCTh Pa3JIMYHBIX
BO3MOJKHBIX HCXOMOB. ITO 03HAYAET, 9TO P MOIKHO paccMaTpu-

*) Einstein A., Podolsky B., Rosen N.// Phys. Rev.—1935.—
V. 47.— P. T77.
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BaTh HKak cydepmosmimio ¢ ¢odorsercrsyrommmn Koadpdm-
mueHTaME coOcTBeHHHX ¢yExumid @,, orBevalomux €o0-
CTBeHHHIM 3HaUeHAAM 4, OomepaTopa Toif HaGIIOJaeMOH
A, woropas pnomxEa OHTh m3Mepena. Ilocae Toro Kak
BHIIOJHEHO M3MEpeHme, JaBlIee, CKasKeM, 3HAUeHHE a
AaA A, Bce 9iIeHH B BoXHOBOM QyHKIuu, Kpome Oy, moKHE
GHTH or6pomensl. Ecan n3mMepserca KoopauHaTa, TO PyHK-
maa @, nokamusoBaHa B IPOCTPAHCTBE ropasjlo CUJbHEE,
9eM { (C MaTeMaTHIeCKOi TOUKH 3peHHsd, B Ipejesie TOYHOro
HBMEPEHUA KOODAMHATH), W MMEHHO B3TO 00CTOATENbCTBO
06BACHAET NPOMCXOIEHAE TEPMUHA (PeRyKIuA» (MiIm
(CTATHBaHWE»); OJHAKO B EMIYJsCHOM npocrpadctse @,
KOHEYHO, pasMhTa ropasfio Goibmie, geMm .

Muorga ayMaior, 94To PefyKuus MokeT OHTH omHcaHa
3aBACAN[AM OT BPEMEHH BOJHOBHM YpaBHEHHEM, €CJH
OpaBWIBHO Y9eCTh B3AaUMOJeHCTBHE MEMKIY H3MEpHUTelb-
HEM npubopoM u Habmonaemoit cucremoit. Ecam 6 aT0
GBLIO TAK, TO IPHUBENO OH K HEIPeOOJIMMEIM IPAHIUINATB-
HEIM TpyAHOCTAM. IlycTh, Hampmmep, B obCyKaaBHIEMCSA
BHIIe sKcmepumente JiiamTeitna — Ilogoasckoro — Poserna
OpEuYMHA WSMEHEHHsS BOJHOBOX (YHKIWE, OpHBEAMAadA K
ABMeHEHHIO IpefCKasaHmii 0 9acTHIe 2,— B3aMMOJIeACTBHE
¢ mpmbopom dacrmmsl 1, a pacmpocTpaEeHme BIASHHUA
ONMCHBAETCA BOJTHOBHM YypaBHeHmeM. Ecam K MOMEHTY
H3MepeHns YaCTHIHL pPasfeleHH B IPOCTPAHCTBE, TO HA 3TO
NpOXOJKIeHre CHrHAJA TpeGyercd HEKOTOpoe BpeMs, Io-
CKOJIbKY BOJNHOBOE YpaBHEHHE, B COTJIACHH C TE€OpHe# OTHO-
CHTeNBHOCTH, HE MOMKeT [OOYCKATH pAacOpoCTPaHEeHHT
KaKoTO0-IM60 BIHAHHA CO CKOPOCTHIO, IPEBHINAIOMEA CKO-
pocts csera. Ommako pasoGpaBmuch Goiee TIATENbHO C
THNAYEHM IPOIECCOM H3MEePeHAA, MOKHO BAJIETH, YTO TaKoe
OpelnoNoKeHre B KOpPHe HenpaBHIBHO.

Jlna paccMoTpeHHA 5TOr0 BEIOEpeM B KadecTse mpHMepa
skcmepument Illrepra — I'epmaxa, KOTOpHE CxeMaTH-
vqeckn mumocrpapyerca puc. 1.3. ITydok aroMos co COMHOM
1/2 mpoxopgur wepea 06iacTh HEOTHOPOJHOrO MArHHTHOI'O
monda. Torga cupasa MH BHJMM JBa MYYKAa: OJHUH, COlepsKa-
mEit aToMHl co cumHOM S, = -+1/2, gpyroi — co couHOM
s, = —1/2.

OueHp 7€rKo HammcaTe pemenme ypasHemmsa IlIpemums-
repa mis aToii 3amaud. Ilagaiomas BOTHA HMeeT [(Be KOM-
NIOHeHTH, B 00MIeM ciaydJae CO CPAaBHUMEIME aMILIATYJaMH,—
IOJIA ABYX -‘3HAUGHHH S,. JTO CXeMAaTHYECKH IPE/ICTABIEHO
Ha puc. 1.4 a. [locie mpoxokpenma depes 3as30p MEKAY
DOJNI0CAMI MAarHHTA, 5TH [Be KOMIIOHEHTH HMEIT OCTPHE



MaKCEMYMH BOIH3M pasIMYHEIX SHAYEHAHA IIOIEPeTHOM
KOOpAMHATH Y, KakK Ha pumc. 1.46, maobpaxkaa ToT QaxT,
9TO OTKJIOHeHHEe B HANPABICHUM J 3aBUCHT OT CIHHA.

Mz BupmM, 910 Ipm 5TOM ¢H3MepeHHE» HET PeNyKIHH.
O6a coEHOBHIX HampaBIeHHS mO-IIPEKHEMY IPECTABIECHH
PaBHONPAaBHO, U eQWHCTBEHHAA HO-
Bag dYepra — KODPeJNSANAA MeKIy
OOJI0KeHHWeM aTOMa M KOMIOHEHTOIt

ero cumEa. B srom cmuicie Bcernma N

feiCTBHe MBMEPUTENLHOr0 mpHbO- z

Pa — cosfaHUe Koppensanuii. N
Onncamme sxcmepumenta IllTep- s

Ha — T'epraxa siBIserca HemoJHbIM,
OOTOMY 4YTO, YCTAHOBHAB KOpPpeIs-
IW0, 0CTAaJO0Ch OB6HADY;KUTH, HAXO-
> 1.3.7 Cxema oKcumepu-
AUTCS NAHHBHIA aTOM B BEePXHEM WK :
menta Illtepra m Tep-
HIKHeM my4Ke. M MojxeM cemaTh ..o
3TO, IIOMECTHB YYBCTBHTEJIbHEE K
WHTePeCYIOIEM HAC aToMaM CcUer-
9uKA B 06a myuxa. MoskHO, eclim XOTHM, BKIOYUTH JEHCT-
BHe CYeTYNKOB B HaIlle KBAHTOBOE ONMMCAHMHE, BB HOBHIE
CTemeHH CBOGONEI A5l ONMCAHUA COCTOAHHA CYCTUMKOB.
Her meoGxomumocTm mpoBopuTh BHUWCIEHHH, TAK Kak
ACHO, 4ro mpoumsoiiner. HoBasa BomHOBas ¢ymKIuUA, ompe-

B4

s=+7/2 s=+1/2

Y

>y 4
a b )

1.4. CunHOBasA ¥ KOOPAMHATHAS BaBHCHMOCTH BOJHOBOH (yHKIAH
1o (a) ®m mocue (6) «u3MepeHH»

Y
§==7/2

AelleHHas B IPOCTPAHCTBE, BKIIOYAIOMEM B ce6s coumH,
KObpIWHATEL aTOMa H JBA CYETYMKA, OVIET B KOHEIHOM
cyeTe COCTOATH M3 ABYX dUacTeil: ofHA — [JA COMHA, Ha-
OpaBJIeHHOI0 BBEPX, aTOM — B BepXHeM LYYKe, BePXHHil
CYCTYMK AKTHBH3UDPOBAH, HIKHUA CYETINK He AKTHBU3N-
poBaH, W [pyrad — [Ad COAHA, HANPABICHHOIO BHH3,
aTOM — B HEJKHEM IyYKe, AaKTUBH3HPOBAH HIDKHUHA CUeT-
ank. Temepr MH ycTaHOBHAE TPOIiHYI0 KOpDpeNAnuio.
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MosxHO0 NPOTOIKATE ATy HENOUKY, MCIOJb3Ys rajlbBa-
HOMETpP WJHM APYroil BU3YaJdbHBIH MHIUKATODP COCTOSHHUSA
CUETIMKOB: CBET, OTPasKeHHHIH OT WHIMKATOpPa, KOTJA MHEI
CMOTPHM Ha Hero, AefcTBHe HTOTO CBeTa HA CETYATKY Ha-
miero rjasa # T. A. Bce, K 4eMy 3To OpHBefieT,— YCTAHOB-
JeHWe Bce OOJbIIero m 0OJBOIEr0 YMCIA KOPPEIANHA ¢
y4eToM BceX IepBOHAYaJIbHBIX Bo3MoskHOcTeil. Ilpnmumma,
[0 KOTOPOit Mkl 0OBIYHO He 0OCys;KgaeM 3Ty T[eHOYKY CO-
OBITHH, B TOM, 4YTO Ia4yWHAf C OIPeJeJIeHHOr0 MOMEHTa
(B HameMm ciydae — C J€ACTBHA CUETINKOB) KBAHTOBHIMU
sddextamu u feiicTBEEeM IPHHIUIIA HEONPEIETEHHOCTH MOK-
HO IpeHe6pevYb M PACCMATPUBATH CBSA3M HA MOCIHENYIOIHX
y4acTKax IeMOYKN KaK JIOCTOBEPHEIE.

Korma ke Mbl «ctAruBaeM» BoaHoBylo (ymxiuio? He
paHee 4eM TOI/ia, KOr/Ja ¢ IIOMOL(bI0 BU3yaJlbHOTO WJIH JPY-
roro 4yBCTBEHHOTO HAGIIONEHAA yHOCTOBEPHMMCH, YTO pea-
JIu3yeTcs ofHA WJHM Apyras U3 ABYX albTePHATUBHBIX BO3-
moskHOcTel. Horma craHoBuTCA M3BECTHBIM, YTO aTOM aK-
THBH3MPOBAJ, CKayKeM, BeDXHHUH cYeTYMK, MBI 3aKJII0IaeM,
4TO COMH HANpPABIEeH BBEPX, M C HTOr0 MOMEHTAa OTOGpacHI-
BaeM Ty YaCTh BOJHOBOU QYHKIMM, KOTOPAA COOTBETCTBYET
aToMy CO CIMHOM, HAIPABJIEHHBIM BHH3.

dTa cUTyalnusA HPeICcTaBIsgeTCA COBEPIIEHHO HEeYMOBIET-
BOPHTENBHOM, €CIH MONBITAThCA BCTATh HA TOYKY 3pEHHUA,
COrj1acHO KOTOPOi BosHOBasA QyHKuus (uam, B Gomee 00-
meM cjydae, MaTpPUia IIOTHOCTH) ABJIAETCH TAKAM jKe
Pusmueckum obbexToM, Kak Habmionaembre. Ho oto —
ommuGounag Touka 3penma. JI06oit BHUMaTEIbHBIN pa3bop
mporecca 3MepeHusi, Bpojie KPaTKo 00CYKIEeHHOTO BhIIIe,
AICHO IMOKA3KIBAET, YTO CMBICJI MATPHIBI IIOTHOCTH — OIH-
caTh cocTosAHMe Hamero sHauus cucreMsl. Crout 3TO IpH-
HATb, M OKa3bBaeTcsd HEYJUBHUTEIbHEIM, 4YTO HOBafg
madopManusa  MOKeT HM3MEHHTh COCTOAIHHE  HAIIero
3HAHUA.

flcHO TaK)ke, YTO He BOSHUKAET TPYRHOCTEH, CBA3BAHHBIX
¢ 1eM, UTO H3MepeHue, BHIIIOJHEHHOE B OflHOH ofxactd
npocTpaHCcTBa, MOKeT faTh mHPopManuio 06 o6beKre, pac-
N0JI0KeHHOM [OCTaTOYHO JaJieKo, He IofpasyMeBas IpH
3TOM BO3MOKHOCTM MIHOBEHHOTO pAacIPOCTPAHEHHUA BO3-
e CTBUA.

B s1oM MecTe MOKHO 3afaTh BOIPOC: 9Ybe 3HAHHE Ipef-
crapiaser BojHoBad QyHKuuA? [LoKHBL JM MBI IHCATH
OTIeNBbHYI0 MATPHIY IJIOTHOCTH A4 KasKIoro HabmonaTens,
IPHHUMAOMEro yuacTyue B 9KcIepumMenTe? A - MoeT ObITb,
LA KayKIOTO UdTaresiA MoJyuupieiics B pesyabrare
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cratbu? OTBeT B3aK/I0YaeTCA B TOM, UTO B GOJbIIMHCTBE
OPaKTUIeCKUX DKCIEPHMEHTOB, KaK B dxkcnepumente [lltep-
Ha — l'epnraxa, KoHeYHbIe 3BeHDBA IleNN, BeYIeHd 0T KBaH-
TOBOM CHCTEMBl K MOKA3aHMAM IPHGOpPA, MOMHOCTBIO KJac:
cudeckue. [loaromy muOro HaGmiomareneilt MoryT cMoTpeThb
Ha OJHY ® TY }Ke IIKaJy, He BIMAA HA XOf COOBITHI, MO-
I'yT mepemaBaTb HHPOPMAIAI O TOM, YTO OHM BHIEINH,
1 IIPOBEPATH YyTBEP:KAEHHA APYT Apyra. [lpu stux ycaosn-
AX MBI ¥MeeM JieJio ¢ o0ImuM i BCeX 3HaHUeM M HUKAKUX
pasiuumii fAeaaTh He HAJO.

Ecrb nckaouenns ua sroro npasuia. [Ipencrasum cefe
Ha0IloleHre, KOTOPOE IPOBOAMTCA IOJHOCTHIO B KBAHTO-
Boii o6nactm. M3BecTHO, 4TO HA mpefiese TyBCTBETEIBHO-
CTH 9€J0BEIeCKOrO0 I'lIa3a MOKHO 3aUKCHPOBATDH OT/IEAbHE
KBAHT CBeTA, ¥ MEI, KOHEYHO, MOJKEM I pejCcTaBUTh cebe
CATyaudIo, NP KOTOPOHA HEKOTOPHI HabaI0faTenrb BHIAT
orgenbHbii goron. Temepr ma mepBoM yuacTKe IeIOYKH
TOJBKO OIWH 4elOoBeK mpuobperaer 3HaHme, XOTH, KOHeU-
HO, OH MOKET MOeNUThCA IOJTYICHHHM 3HAHUEM C JPYIH-
mMa. Hukakux HOBBHIX HOPUHIUNKANBHHIX TPYAHOCTEH He
BO3HHUKaer.

) Wrnorga BeitBHraercsi Apyroe Bo3pasKkeHUe: MPE/II0J0-

JKMM, MBI BKIIOYMM HaOJXIOIATENsA W €ro MO3r B HAIle KBaH-
ToBoe omucamme. Ha mpakTuke HeoOXoquMoe IJfA 3TOTO
ypaseenne Illpenunrepa Gymer HACTONBKO CIOKHBIM, YTO
€ro Jajke HEBO3MOKHO cPOPMYIHPOBATH, HE TOBOPA YiKe
0 TOM, 9TOGHI PeMIKUTH, HO B IIPUHI[KAIIE 3TO BO3MOKHO. B gem
TOrJa CMBICA MATPHUIB TIOTHOCTH, HOXydYalomeihca u3
3TOr0 ypaBHEeHNA; 9be 3HAHWE OHA IPeJCTaBIfAeT, W Korja
MBI IPUHEMAaeM pelleHre O PeNyKI(um?

Haskercs, 4ro aToT BOIpOC HPMBOAMT K HeIpeomonn-
MM TpyAHOCTAM. Ho 0H OCHOBaH Ha HpeamoN0KEeHNN, ITO
JKABBIE CO3JAHMA, TaKMWe, KaK Ham HaOJOfaTenb, MOTYT
OBITH OIMCAHBI CYMECTBYIOIMUMEA 3aKOHAME (QUBWKH, APY-
THMHA CJI0BaMH, 4TO GMOJOrMsA B KOHEYHOM CUETe eCTh pas-
fen QU3MKM, B TOM jKe CMBIC/Ie, KAK M XWUMHA, KOTOpas
paxTmyeckn Temepr m3BeCTHA Kak pasmesn ¢usumrm. Ce-
TQHS MBI YBEDEHHI, 9TO eCIM CMO;KeM pelIaTh ypaBHEHHe
Illpemmarepa Ama Beex 2IeKTPOHOB B GoJbIION MoJeKyie,
9TO JaCT #HaM MOJIHOCTBIO TO jKe 3HAHWE, KOTOPOEe MOTYT
OONYyYUTh XMMHKHZ 06 310it Monexkyme. (CKasamHOe He 03-
Havaer, 9To pabora XMMHUKOB He HY)KHA, TAK KaK pelleHHe
TAKOTO YPaBHEHWs NAJIEKO 3a MpeleJaMH BO3MOJKHOCTE
CaMOro MOIHOTO KOMIbIOTEPa, KOTOPHIil MOKHO cele mpe-
“TaBHTbH.)
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Muorue Jaopm cuuTaloT camMo co0Od pasyMeIomuMcH,
4TO TO K€ J[OJIKHO OHITH CHPABEIJIHMBO U B HAYKe 0 YKH3HH,
TpymHOCTH, C KOTOPO# ME CTOJKHYJIACH, CBA3AHHAS C TEM,
Kak ommcarth npuobGperende WEODPMAIWH,— CHIBHHI [0-
BOJ| /Il HPOABIEHHA COMHEHUA B CIPaBeJIMBOCTH DTOTO
OPeIIOJI0MKEeHAA.

9TO CPOJIHHM BOLPOCY O TOM, KaK BKJIIOYHWTH MOHATHE
CO3HAHNA B ONMCAHHE KXHMBEIX CYIIECTB B TepMuHAX $m3n-
yecKoro PyHKIMOHHPOBaHUA KiIeToK ux mosra. Co3HaHme,
u 3T0 O0MEenpusHAHHO, TPYJHO OIPENeJHUTh 00BEKTHBHO,
10 Ka)<Ihii M3 Hac, OyJy4d CO3HATEJLHKIM, AMeeT ACHOe
HHTYMTABHOE IPEe[CTaBIeHHe O TOM, Y10 OH IIOf, 3TUM HON-
pasymeBaer. MosKHO cpaBHUTH Yeq0BeYeCKHIl MO3T ¢ 049eHB
CJ0KHEIM KOMOBIOTEPOM, W, B CAaMOM JeJe, KOMIBIOTEep
MOKeT BHIIOJHATH MHorme (QYHKOWHM MO3ra, HO Helerko
B00GPa3UTh KOMIbBIOTED, OOJANAIOIMAA CO3HAHWEM. OTa
npoGaema fajiexa oT u3uKH, HO OHA cBsizaHA ¢ obcysKnae-
MHMHM HaMH BOIpOCaM®, TaK KaK 3HaHWE TOTO, UTO M3Me-
perre oGHApPY)KHIO OmpeleeHHOe COOEHITHE, eCThb TO e
camoe, 4To 0co3HaHue 3Toro aKra, a IMEeHHO BTO 3aCTaBIA-
eT Hac CTAHYTHY BOJHOBYI0O (QYHKOUIO (OpPOM3BECTH pe-
OYKUZI0 BOJHOBOTO HaKeTa).

YrBepskgasa, 4ro OMOJOTHA, BEPOSATHO, He SBJIAETCH
pasgesnoM coBpeMeHHO# (u3MKH, A HE X0Uy CKasaTh, 4TO
KU3HDb KAKAM-TO MECTAYECKAM 00pa3oM MOKeT IPOTHBOPE-
uuTh 3aKoHaM Qusuru. fl Bepio, 9TO HTA CHTyamuA CPaBHHU-
Ma ¢ mpoGIeMoi 3JIeKTPUIeCTBa U MarHEeTH3Ma, Kako#i oHA
mpefcTaBiaAIach 0 U Aaske Bo BpemeHa Makcseana. Tor-
na ¢umamKa OblIa MEeXaHWKON W OOBLACHHUTHL ABIEHNE 03HA-
a0 o6HapyxuTh ero MexaHuW3M. [lake Makcsena ymop-
HO cTapajicA HOJKPEenATh CBOM MOJEBHe YpaBHEeHHS Me-
XaHNMYeCKHMHU Mojeiasamu. ToabKO mo3)Ke OH HOHAJ, 9YTO
DIEKTPHYECKOe M MATHHATHO® HOJS ABIAIOTCA BaKHHEIMU
OCHOBOMOJIATAIOIMMA HOBSTHAMHA (QHU3UKU, He COHep:Ka-
MUMACA B HOHATHAX MEXAaHHUKH, HO, KOHEYHO, He IPOTUBO-
pedamuMK 3aKOHAM MOXAaHWKH, W 9TO (U3WKa HAOJKHA
6nTh oGoramena ux goGasiaenmeM. [lo kKpafiHeir Mepe BO3-
MOKIO, a HJf MeHA — Ja’Ke BepOSATHO, UTO HOBble HMAEH
MOJKHHEL OBITH HoOaBieHH MofoOHKM 00pa3oM K COBPEMEeH-
HEIM (U3MYECKNM MOHATHAM, DPEKIe YeM CTAHEeT BO3MOMK-
HHM aJieKBaTHOE ONMCAHHe KM3HHA. Bymer Ju Takad pac-
IIMpeHHasA MUCOUIINHA BCE €Ie HassBaThcAd QuU3mKOd —
BOIIPOC CEeMAHTUKH.
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1.7. y-Jlyuesoit mutpockott

OGparuMca K ropasmo Gosee ImPOCTOR Teme, IO-IIPerK-
HeMy CBA3aHHOIH ¢ IPWHOUIOM HEOUNPEJeJeHHOCTH B KBaH-
topoit Mexammke. OHa HauWHAETCA C AHEKKOTA.

Horpa Ieiizenbepr, Torga crymeET B Mionxene, mpen-
CTaBWMJI HA PAcCMOTPeHHe OKTOPCKYIO [Hccepramuio *),
OH yske GBI H3BECTeH KaK MOJIOLOM 4eJ0BEK He3aypPAAHKIX
coocoGrOocTeit. Ho, oTHOCACH HEOCTATOYHO CEPHE3HO K Jia-
GopaTopHOMY DpPAKTHKyMY, OH HaBleK Ha ceGA THeB IPO-
deccopa srcmepuMeETaNbHO#H ¢usukm B. Buma. Torga on-
HuM #3 TpeGoBaHMiA, MPeIbABIAEMEX K JOKTOPY (mIoco-
¢um, OHIIO CHATH MCYSPUHBAIONIAA YCTHHH SK3aMeH IO
OTHOCAMEMCA K ero cmenuajgbHOCTH mpeaMeram. Horpa
Teiizenbepry mpumiock oTBeuaTh BuHY, HepBHIA Bompoc
GBSl CBA3aH C paspemaromeil cnocoOHOCTHI0 MIKDOCKOIA,
U 9K3aMeHyeMui He sHaa orsera. Caegyrowumit Bompoc ObL
IpPO paspelIalon(yio CIOCOGHOCTD TeeCKOIa, Yero OH TaKe
He 3HaJ. Buum eme ocraBmuecs 6e3 oTBeTa BONPOCH IIO
ontuke, n mpodeccop pemui, YTO KaHAMAAT HPOBAIMICA.
OnHEaxo MO SKCHePHEMEHTAIBHON ¥ 0 TEOPeTHIecCKoil Ppusn-
Ke JoiykHA Obla OHITH BHICTABIEHA 00mas ONeHKA, W IOCJe
TPYAHHX TeperoBopoB Me;kny A. 3ommepdennbaoMm — §u-
suKoM-TeopetukoM ¥ Bunom y I'efizerGepra mpuHAIM K-
3aMeH mo (u3MKe ¢ HAaMHNBIOIMM BO3MOJKHEIM 6aJoM.

YeTrpbMA rofaMi 1I03Ke OH HAOUCAJ CBOIO 3HAMEHM-
Tyi0 paGoTy 0 IpHHLMIE HeompemeaeHHocTH. B kauecrne
OflHOA W3 TIaBHHX WLIIOCTPAHui o0Cy:Kmajicsa TumoTeTH-
9eCKHi MUKPOCKOIN, HCHOJb3YIIIA y-1ydd, C TeM, ITOOH
MOBHICHTH pa3pemaloniyid CcmocoGHOCTs W, B IPHUHIHIE,
HMETh BO3MOJKHOCTH M3MePATh KOODAHWHATH BJEKTPOHA C
TOYHOCTHIO [0 ATOMHHX paaMmepoB. I'efizenGepr moxasau,
9T0 B 3TOM ciaydae $OTOH, paccesHHE KOTOPOTO HA BJIEKT-
pOHe H03BoJAET OOHApPY)KATH HmoCHefHWi, Gymer mepena-
BaTh 3JEKTPOHY MMIYIbC. JHAYGHWEe UMIYJIbca TeM 00lb-
me, 4eM Kopoue JJMHA BOJHH (OTOHA, a AJIA XOpPOIIei
paspemanmeit cmocoGHoctm Heo6xommMa Maslas AJIUHA
BosiEH. Ilepegaua mMOyasca HOJKHA NPUBECTH K Heompe-
ABIEHHOCTH HMMIYIbCa JJIEKTPOHA, HAKe eCId N0 CTOIK-
HOBEHHSA €ro MMOYJbC OB TOYHO M3BECTEH.

KoaugecrBerro I'eiisenbepr mokasajd, 4TO paspelnaro-
mas COO0COOHOCTH THIOTETHYECKOr0 MHUKDPOCKOIA OKAa3bI-

'*) Ilo mameil TepMHWHOJOIMA — KaHAHJATCKYI0 AMCCEPTALUIO.
(Ipumeun. ped.)
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BAeTCA mopAnKa AJuHB BOJAHBI, TaK 4TO ommOKa upu on-
penesenun KOODAWHATHL 3JEKTPOHA B JyYlieM cjydae
mOpAfKa A, WJIH, 4TO TO Ke camoe, fi/p, THe p — MMIYJbC
dorona. Ecnu oron oTKIoOHAETCA OT HampaBIeHHWA CBO-
eTo JIBU/KeHHA, TO M3MeHeHUe MMIYibca OyleT mopANKa p,
TOTO e mopAfKa OymeT W HeoNmpeleJeHHOCTh KOHEYHOTO
nmnynasca anexkrpora Ap. CiemoBaresbno, OmmuOKM B OI-
peneneHun x w1 p OYAYT CBA3AHH COOTHOTIEHNEM

Az Ap = k. (1.7.1)

Onnako, Kak 6niio ykasamo Huabcom Bopom, mepe-
HaHHBI MMIOYJIbC He 00A3aTeJbII0 COBCEM He H3BEeCTEH.
WsBecTro mampasienwe majalomero cBeTa, CJe0oBATENb-
1[0,— pavajblbii mMOyiasc ¢oOTOHA; M3BECTHO TaKiKe,
YTO OH IIOIAJaeT B JMH3Y MHUKPOCKONA, T. €. KOe-u4TO M3-
BECTHO M O ero KOHeYHOM HampaBieHmd. B vacTHocTH, ec-
M MUKDOCKOI o0iajgaer Majoil ameprypoi, MOMKHO 10-
CTHYb HEONpe/leIeHHOCTH MMNYJAbCa, 3HAUYATENBHO MEHbD-
me# p.

Brixon w3 mososkenms, ykasaHHmid Tak:ke Bopowm, co-
CTOAJ B TOM, 4TO B JeidcTBHTeNbHOCTH dopMyna A pas-
pemapomeil cnoco0HOCTH €cTh

A
A= Sy »
rie 6 — ameprypHHIA yroa, a 3ravenue p sin (0/2) — Kak
pa3 HeoNIpPejleIeEHOCTh HMIIYJhCA, BHTEKAMIAH M3 TOTO
daxra, 94TO MH 3HAeM KOHEYHOE €ro HANPAaBJEHUE TOJIHKO
B pefenax aneprypsl. Takmm oGpasom nepasencrso (1.7.1)
TOTBEPIKIACTCA.

I'eitzenGepr mo6aBui nmpuMevanue K KOPPEKType cBoeit
paboTH, IpUBENs BTOT JONOJHUTEILHBIA J0BOL JJAA JOKAa-
3arenbcTBa cooTHOmeHuA (1.7.1). B arom cayuae ciopupus
Onn mpenonnecen Ieitsenfepry, Ho pacckasaEHAs HCTO-
pus — 3abaBHAaA WIIIOCTPAIASA TOTO, YTO IIybOKoe 3HA-
HHE «CTADOMONHOW» PUBMKN MOYKeT 0Ka3aThCA BEChMa IGH-
HBIM JIajKe [IJISl BeJIMKOTO 4eJIoBeKa.

(1.7.2)

1.8. Mapajgoke OyamapHMKA

Hama cuenyiomas TtemMa TaKKe mnMeeT OTHOIIeHHe
K CHeNCTBUAM M3 NPHHOWIA HeompejejeHHocTH. Hak s
yJKe yOOMUHAJ, OWHINTeHH O{HO BPEeMs CTapajics MOKA3aTh
HEeCOCTOATeNPHOCTh NPUHOWOA HEeOoIpPefeJeHHOCTH, NpH-
OYMBIBAs SKCHEPUMEHTH, B Pe3yJbTaTe KOTOPHX OO OH

42



BO3MOJKHO olpefeneHne Pu3MdecKHX BeawdwH ¢ Goiabmrei
TOYHOCTHIO, 9eM [OUYCKaeTCA NPWHOWIIOM HeompeeaeH-
mocta. OMHO M3 ero mpeio}KeHUu#A KacaloCh COOTHOINGHUA
MEKIY SHeprueil m BpeMeHeM

AEAt == h. (1.8.1)

CMBICI 3TOTO COOTHOIIEHMA *) He TaK IPOCT, KaK, Ha-
npuMep, COOTHOIIEHWS MeKAYy KOOPAWHATON M HMITYJIb-
coM. ITO CBABAHO C TEM, 4TO BpeMsa He ABIAAeTcA HaGIIO-
naemoit. CaMo mo cefe maMepenue BpeMeHHU He [JaeT KaKoii-
aubo madopManuu o PuU3MIECKO cucTeMe, a yTBeDHAeHne
0 Kakoii-1u60 mpyroit ¢uamdecKoil BeamyuHe oOHIYHO HOJI-
pasyMmeBaeT, 4TO MbI TOBODHM O €e 3HAYCHHN B HEKOTOPHIi
ompeeJeHHHA MOMeHT BpemeHH. Torma B ciyuae coxpa-
Hﬂ{Oﬂmﬁc;{ BeJIMYMHEL, TaKo#l, KaK SHepPrus N30JUPOBAH-
HO# CHCTEMHI, Pe3yabTaT M3MEPEeHH NaeT SHEePruio B Mpo-
H3BOJBHHI MOMEHT Bpemend. Jlammay mo6mi momdepKu-
BaTh 9T0 o00cTOATENABCTBO, roBops: «flcEHO, dYro Takoro
OrpaHMYEHUS HET — 5 MOI'Y W3MEDHTH SHOPIUI0 U IHOCMOT-
pers Ha 9ach} TOTA s 3HAI0 U PHEPrumio, ¥ BpeMaAly

CymecrByeT, OMHAKO, PN BayKHHX BONPOCOB, OTBET
Ha KOTOPHIe MOKeT OHKTH MOJYYeH ¢ MOMOIMbI0 HepaBeHCT-
Ba (1.8.1). OnuE W3 HEX CBASAH ¢ Ilepejadell SHEPTHA OT
ofHO#l WacTu PusmuecKoil cucteMsl K npyroi. Ecan AE —
DOrPeImHOCTH, ¢ KOTOPOA MH 3HaeM HepefaHHYIO0 SHepruio,
a Al — morpemHoCTH B OUpPeeJeHAA BPeMeHH, 38 KOTOPoe
mpou3omLIa 9Ta mepefiada SHePTHH, TO COpPaBeAJIMBO Hepa-
BeactBo (1.8.1).

Yro6H OOPOBEPTHYTH 9T0, JUHMTEHH HPEJIOKAI Ccle-
aylomee yCTPOACTBO: AIMAK € HMOEAJBHO OTPAMKAIOMUMHU
CTEHKAMH COMEPIKUT HEKOTOpoe H3JIydeHWe, IOJHAS WH-
TEHCHBHOCTh KOTOPOTO OCTAeTCH IMOCTOAHHOW [0 Tex Iop,
DOKa AWK 3aKPHT. B Amuxe mMeercd 9acoBoe YCTDOIi-
CTBO, KOTOPOe Ha KODOTKUA WHTEDPBAN BpPeMeHH Af OTKDHI-
BaeT OKOMIeYKO (3aTBOP) B CTEHKe SAMHAKA B 3apaHee Oro-
Bopernoe Bpemsa. Hasamocs 6bl, TakuM oGpasoM ¢ ommu6-
Ko# At PpurcEpyeTrcs BpeMs, 3a KOTOPOE H3JIydYeHUe MOKeT
BHIXONATh M3 AmMUKAa. K0JIM4ecTBO MCOYIMEHHOTO HM3Jyde-
HOS MOKeT OHITh YCTAHOBIEHO NOCPEICTBOM OIPelesIeHus
TIOJHOTO 3amaca 9HePrud ANMKA 0 W mocje NedcTBHA 3a-

*) O cuenudpure coormomenns (1.8.1) cm.: Jawday J. 1.,
Jugpwuy E. M. Kpantropaa Mexammka: Hepeaarneucrckas Teo-
pusa.—3-e u3n., mepepad. u mon. upm ydacrun JI. II. IlnraeBckoro.—
M.: Hayka, 1974.—§ 44.— (Teopermdeckasn ¢msuka; T. III).
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TBOPA IIyTeM TIIATEJIHHOI'0 B3BeMMUBAHAA AINMNKA X UCIOIb-
30BaHMA cooTHomeHWA E = mc? Meny Maccolt smuka
7 ero samacoM sHeprmu. Hasamoce Obl, HeT CBA3H MEKAY
MHTEPBAJIOM BpPeMeHN Al M TOYHOCTHIO OIPE[IeJICHAA SHEp-
rom.

OMHIITeH MBJIOMKMI MLI0 HTOrO MEICIEHHOTO HKCIepH-
menTa Huaecy Bopy, kotopsiit mociae moiarmx pasMbimiie-
HUl OPHIIE] K ClIefyomeMy pemeHnio. B3semmBanme Ka-
Koro-1mfo mpexMera O3HAYaeT H3MEpeHMe [eiicTByOmeil
Ha Hero rpaBUTANUOHHO¥ CHIH, & ENUHCTBEHHHH OYTh
U3MepeHNs CUIH — OpuMeHeHme 3akoHa Hrioroma. JIpy-
TEMH CJI0BAMH, MH JO/JKHH M3MEDPHUTH CKOPOCTh N3MEHSHHA
TOJHOI0 UMIyJAbca B rpaBuTanuoHHoM moje. (Ecam sto —
HEIPWBHYHOE ONHCAHH® IIPOIECCA B3BeMHUBAHWSA, BCIOM-
HHTEe, 4T0 OOHYHO BCOrfa KAYT MOKA BECH IPUAYT B PaB-
HOBeCHe, INPeJOCTABIAA TPEHHWI0 UCCHNMPOBATH Hob6a-
BouHH mMnyabc. Ho mpoBepss, 4ro BecH yie mpumnin
B DABHOBECHE, MBI TEM CAMBIM YCTaHABINBAEM, 9TO CKOPOCTD
M3MEHeHWA HMMIYJhCa DPaBHA HYJIIO.)

ITycTs AmmK ABMIKETCA C yCKOpPeHHeM IOJ JedcTBHeM
TPaBUTAIMOHHOrO MOJIS B TEYeHH® HOKOTODOro BPeMeHH I,
¥ NPeANoN0KEM, 4TO HPHUPAMEHAe HMIYJIbCa M3MEPHAETCH
¢ ommbko#r Ap. Torma cuna Tamectn, meiicTByOmas Ha
AWK, H3BeCTHA ¢ HorpemeocTsi0 Ap/t,, macca — ¢ mo-
rpemuocThI0 Ap/t g (rme g — yckoperue cBoGOXHOrO mHa-
HeHHA) H, CIeI0BATeJbHO, HHEPTAs — ¢ MOTPENIHOCTHIO
Apc?/gt,. : :

3HaHWe WMIyibca AMUKA B mpefedax Ap, COTIacHO
00E9HO0# OpPMyMMpPOBKe NPUENHUTIA HOONPEIeJIeHHOCTH, 03-
Ha4aeT, YTO €ro KOOPAWHATA M3BECTHA C IOTPEIIHOCTHIO,
npesBnimalpome# Ax; sEauenme Az ¢Bf3aHO ¢ Ap OGHYHEIM
coorHomenueM. Temepsr Mm| mogomm K cyTm fgema: co-
riacHo ofmei TeOpNE OTHOCHTEILHOCTH, WJIH HPOCTO IO
OPUHEOUOY KBHBAJCHTHOCTH, BDEMf, M3MepeHHOe Mo He-
KOTODHM dacaM, W3MeHAeTCH Ha BeJIM4IMHY, HPONOPIIHO-
HAJIBHYI0 TOTEHOUAJNY TPABATANMOHHOLO HOJSA B MecTe
pacmosioKeHusA 4acoB. B TeueHme B3BeIIMBAHUA KOOPMIH-
nara AmM@UKa (@, CIeJ0BaTEIbHO, Y4COB BHYTPH HEro) W3-
BECTHA C MOTPEIIHOCTHI0 Az, W MO3TOMY IOTEHLHAN rpa-
BHTAIHOHHOTO IOJA H3BECTeH C MOTPeIHOCTHI0 gAz. 10
CAY;KUT HOPHIHHOHK TOro, YTO XOJ BPEMEHHW H3BECTEH ¢ TOI-
HOCTHI0 [0 HEKOTOPOH HEW3BeCTHON OmMOKH mOpAAKa
g Az/c*, n depes Bpems f, MOKAa3aHMA HTHX TACOB W IACOB
CTopoHHero HabuiofaTenss pPasidYHH B Ipefenax OmMHOKH

At = tig Ax/c. (1.8.2)
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HomGuaupys 5T0 3HaueHue ¢ pesyiabratoM fiasg AE u uc-
moJB3ysA CBA3L MeKAY Ap m Az, Bo3spamaemcs k (1.8.1),
TaK KaK ommuOKa B MOKA3aHWM JaCOB €CTh Takke ommbkra
B HameM 3HAaHNJ WHTEDPBAJA BPEMEHH, B TedeHHe KOTOPOIo
3aTBOP PaKTHYIECKA OBLI OTKPHT. 3aMeThTe, YTO MH HE MO-
JKEeM ompefleuTh oMHUOKY B MOKA3aHWW 9acOB, IpoBepAd
UX 10 OKOHYAHUHU OIEITA, IOTOMY 9YTO II0 XOAY dKCIEpH-
MeHTa TpeGyercA M3MepATHh YHEPTHMIO AMUKA TaKKe IOCTe
HCOYCKAHNA WMBIYyYeHHH, W, CIeL0BATEIbHO, HEOOXOTMMO
BTOpPO€ B3BEIIUBAHWE, NPUBOJAIIEe K MOABIEHHUIO B MOKa-
3aHNY 94COB JIONOJHUTEIbHON OMMOKH TOro Ke MOPAIKA,
uT0 u mepsBasa. IlosToMy MH He MOKeM OIpe[eJuTh, Ha-
CKOJIBKO OmmOImMch 9achl MeKIY [ABYMS B3BeIIWBAaHUAMH,
B TO BpeMs KOT[a OHHW YIPaBIAJIA 3aTBOPOM.

Bosaukaer Bompoc, HeJb3s JU YCOBePIIEHCTBOBATH
9KCIOePHUMEHT, ecld He MOHTHPOBATh 4acoBOe YCTPOHMCTBO
B AINMKe, a yIEeP;KUBATH €ro B HEKOTOPOM PHKCHPOBAHHOM
MecTe W 3aCTAaBHTh OTKPHBATH 3aTBOP C IOMOINBIO JUCTAH-
IUOHHOT'O yHmpaBieHus. B aroM ciydae, ogHAKO, OmMUOKM
BBOJATCA He MOKa3aHUAMA 9acoB, a HENPeICKa3yeMbIMU
3aflepKKaMu Ipu Iepejade CHTHajJa OT YacoB K 3aTBOPY,
KOTOPHH B TPABMTANMOHHOM IOJI€ PACIOJOKeH B HETOYHO
OLpeJeIeHHOM MeCTe.

3nech Hame yauBieHWe, 6e3 COMHEHHS Das[eleHHOe
ditamTeHOM, CBA3AHO CO CHOCOOOM, C MOMOMBI0 KOTOPOTO
rPaBUTANUNOHHBIA KPACHLIA CBAT — CIECTBHE OGHIeH Teo-
pUd OTHOCHUTENBbHOCTH — IOMOTaeT paspemnTh HapajoKc,
BO3HZKAOIIUiI Npyu npuMeHeHNn paBeHCcTBA E = mc? cme-
IUAJbHOH TEOPHH OTHOCHTEJIBHOCTM K NPWHOMNY Heolpe-
JIeJeHHOCTH B KBAaHTOBOH MeXaHUKe.

3ameruM, 4TO 3aTPYAHEHHS CYIMECTBYIOT M OPH APYTuX
npumereruax coornomenus (1.8.1). Ogro 3 06rYHO mpH-
HEMaeMHX MCTOJKOBAHHHA COCTOUT B TOM, 9YTO M3MEPUTEJb-
HH# npubop, KOTOPHIA B3amMofeHCTBYeT ¢ M3ydaeMoil cn-
cTeMoit HeKoTopoe BpeMsa Af, He MOKeT OIpeNeJuTh dHep-
FUI0 CHCTeMH ¢ HOrpemHocThI0, meHEbmeir AE; 31m 1sBe
OomuOKA ONATH CBA3AHEI TE€M K6 HepaBeHCTBOM. AAapoHOB
® BoM *) mocTpomiau KOHTPOpHMED MJS BTOTO IIPABHJA.
B sTOoM mpuMepe, mO-BHAMMOMY, IPEICTABJIAIOMEM YHCTO
aKajeMH4eCKUil HHTEpec, B3aNMMOJENCTBHE ONMCHBAETCH
YIeHOM B TaMHJIbTOHMAHE, HIPOMOPIHUOHAILHEIM HMIYIbCY
YaCTHOL, CUMBOJUBHDPYIOMEHA «CHCTEMY», W KOODIUHATE

*) Aharonov G., Bohm D.// Phys. Rev.—1961.— V, 122.—
P, 1649,
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«npubopa» (#am HAOGOPOT), KOTOPH 3aBHCHT OT BPEMOHH
Onaroaps MHOKATEN0, 0GPAIAONEMYCS B HYJIb BHe Bpe-
MEHHOTO MHTOPBAJa HPOXOJKATEABHOCTHIO Af.

Beposarso, paspemenne sTOro mapajokca B TOM, 9TO
D0 KAKAM-TO NMPUIMHAM TAKO# raMHJIBTOHMAH B3amMMOJeii-
CTBUS HE [ONYyCTHM B KBAHTOBOH MeXaHHMKe, XOTH HUKTO
He MO)KeT YKasaTh, KaKume oOI[#e NPHHIMNL NP DBTOM
Hapymalorcsa. Bo3Mo)kHo, cymecTBen TOT aKT, 4YTO OUYEHH
H0X03Kee BHIDAKEHUE, a MMEHHO

1 (@) (zpy — yps), (1.8.3)

MO}KeT BCTPETHTbCA IPYM ONWMCAHUM B3aMMOMLEHCTBHA 3a-
PSAIKEHHONA YacTUOB C 3aBUCAINMM OT BPeMeHN MAarHUTHHEIM
moneM. Ecam M xotmM paccMaTpmBath OnHY Koop-
AMHATY 9aCTHIHl KaK «CHCTEMY», a [PYIyl0 Kak «upuGopy,
KayK[0e M3 NBYX ClaraeMbX B 3TOM BHPAayKeHNHW COOTBET-
crsyer (QopMe, mMCmOab30BaHHON AapoHOBHM m Bomowm,
HO NpyM Hanwyud o6oMX cjIaraeMex, Kak B peaqbHOM $u-
BHYECKOM ciydYae, HapymeHEns HepaseHcrBa (1.8.1) yxe
He mpoucxonuT. B aToM Bompoce Bce eme MOKHO 0)KUIATH
HOBBIX CIOPIPH30B.



2. RBAHTOBAA TEOPNA ATOMOB

2.1. Paccédnné y-iydei

Ecau aToM mopBepraercd JeAcTBUIO WaiydeHHUA ¢ gac-
TOTOH, Topasno OGonbmreii pe3oHaHCHO| YacTOTH [ajke
3;eKTPpoHOB K-006010YKY, HOMUIHHMPYIONEME IpOIeccaMu
apasorca agdext Homnroma u doromonrmsanusa. Opmako
IJS HEeKOTOPHX Mexeil IpeAcTaBlifeT NHTepPeC KOTepeHT-
HOE paccesHne, IPU KOTOPOM aTOM OCTAeTCA B OCHOBHOM
cocrogaun. JPPEeKTHBHOE CedeHNe TAKOTO paccesaHus [0-
BOJIBHO MAall.

Ecam pgas ommcaHdA 3I6KTPOHOB B aToMe HOJb3YIOTCH
ypasuenueMm [{upaka, paccesHHe H3IyYeHUsS NPEICTABI-
eT coGoil AByX3TamHHI Ipomecc, IPH KOTOPOM CHavalsa
magapomuii $oTOH moraomaeTcd, a 3aTeM HCIYCKaeTcA BTO-
puunbii GoToH, nim Eao6opoT.

Bxnang B aMmauTyAny paccesHHA IePBOrO IPOiecca
OpPONOPIMOHAJEH BHIPAKEHUIO

<o | €,,v,, €xp (—iker) [ 0>, | ey, exp (i) | ho>
Z Ey+ho—E !

@2.1.1)

I7e e,, ey — BEKTODH Noaspusanud, a k, k' — BoxHOBEHIE
BeKTODH HAJ[alOMero W PaccesHHOro QOTOHOB; Y, — Mart-
puna Jlmpaxa,y, — aToMHas BoaHOBaA GpyEkmusa K-smext-
poma, a v, — BoaHOBag (QYHKIHA 71-TO BO3OYKIEHHOTO
cocrosEnsa. CyMMupoBaHme IO 7 BKIIOYAeT MHTerpUpPOBa-
Jije 1o HempepHBHOMY ceKTpy. Iloka 5To TOUYHBIA pe3yis-
Tar, ecam He 3a00THTBCA O DPafHAIMOHHEHX MONpaBKaXx,
AMEeIOMMX HOPANOK BenuwuuHbl o = e*/hic (KOHeYHO, NpH
5TOM Hafo NpubaBUTh AHAJOTWYHEIA YIeH, B KOTOPOM HC-
OyCcKaHue INPeRuIecTBYeT IOTJIOIMEHHI0).

Ilna Gonbmux k marpuunsie daeMenTH B (2.1.1) om-
pefieIAI0TCA B OCHOBHOM CHJIBHO BO30YKNEHHEIMA COCTOA-
HUAMZ ¢ GOJNBIION MOJOMKHTeNbHON sHepruei. Jlad stux k
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npenebpeskeAne MOTEHNHAJIbHOM dHEpPrAeil W 3aMeHa COC-
TOAHUA HENPEePHBHOTO CHEKTPA INIOCKHMH BOJHAMH IpeJ-
craBiageTca npasponofobHO#l ammpoxkcuMmamumeit. Takras
anmpoKcHManusa JOJKHA OHTH 0co0eHHO Xopomei, Korma
5Heprusa (OTOHA BeJIMKA, 4 ATOM JIeTKH#, TAK 4TO KYJIOHOB-
CKUl MOTeHOMAaJ, KOTOPHM MH upenefperaem, ciaa6. On-
HAKO 3TOT CJAy4adl — IMOYTH KJACCHYECKUA OpuUMep Teo-
PeTHIeCKOro CcIOpPIpH3a, TOTOMY 4YTO OKAasKBaercd, YTO
MOJY4eHHHA TAKHM CIIOCOOOM DPe3yabTaT IJIA aMIIUTYIH
paccessHWs HeNpPaBUJeH, W OH CTAHOBATCH TeM 0oiee He-
OpaBUIbHKEM, 4eM (oubire 3HePrus OTOHA W UeM Jerde
aTom.

B caMowM fesie, Takoe BHYHCICHHE WHTETPAJBLHOrO 4ie-
Ha B (2.1.1) m BO BTOPOM aHAJOTMIHOM CIAraeMoM IpPaBoO-
MepHo, eciam mpeHeOpedb HHepPrueit CBA3W B HAYAIHHOM
COCTOSIHWM 10 CPaBHEHWIO ¢ dHeprueir dorona. Peaymsrat
XO0poIIo m3BecTeH; OH 00CY’KEAjcs, HaIPHMep, B CTAaTbe
Bpayma u BynBopna *), B KoTropoii BuepBbie OHJI OTMEYEH
3TOT HEOKHUJAHHH MOMEHT.

Yro6n DpOBEPUTH ANNPOKCEMAINAIO, ABTODH BHYHC-
INIA TAKXKe CIeNyIOmU# 9ieH, moaydmBmuiics pobaBie-
HHEM [JIS NPOME;KYTOUYHHX COCTOSHWY K IJIOCKUM BOJHAM
mepBoi GOPHOBCKON HONPAaBKHM, 003aHHOM pACCESTHHIO
cBOOOHOTO 3JeKTPOHA KYJIOHOBCKHM moieM. Jlas aroro
cIydas OHM HAULIH CJe[yomee OTHCOIEHHe WJIeHA MePBOTO
IOPAKKA K WIeHY, HOJYIeHHOMY IPH anmpOKCHMAIHWH, HC-
MOJNb3YIONed TONHKO HIOCKWe BOJHH:.

Ay . Ap 1
A4, -~ “nZamc "1+ 8mc/(Zahp) ° (2.1.2)
3pecs Ap =k |k — k' | — nepeparrmit muMoyasc. Ilpn

YKa3aHHHX HAMd YycaoBuax, Ap ropasmo Goabme mc,
a Za — Majasg BeamyumHAa. Taxkmm o6pasoM, TO OTHOIIe-
HUe BeJUKO KaK pas3 B TOM cjydae, IJfA KOTODOTO MH Ha-
mesaanch, 4ro A, Gymer xopome# anmpoxcumanumeir. Ecam
Ap ogens Benrmko, a aTOM He OYeHb JIETKHH, BTOPOA MHO-
HUTeJb — NOPANKA eNUEANH ¥ OTHONEHWe MONPAaBKA K
(OCHOBHOMY 4ieHY» mpomopuuoHansHo Ap. Ilaa ogens
JIeTKOr0 aToMa W He 0YeHb 0OJNbIIMX 3HAYCHHA Ap BTOPOH
9jleH B 3HAMEHATeJIe BTOPOr0 COMHOKHTENSI KOMHHUDYeT
¥ OTHOIeHWe IpomopnuoHaxbEo (Ap). '

Hax Bcerpma, Jerko mpociefiuTh INPOMCXOKISHHE ITOTO
HEeOJKUJAHHOTO pe3yJjbTaTa ¥ NOHATH, KAaK €ro MOKHO OH-

*) Brown G. E., Woodward J. B. /| Proc. Phys. Soc.—1953.—
V. A65.— P. 977.
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a0 npensupers. J[eao B TOM, 4T0 «OCHOBHOM WJIEH» CTAHO-
BHTCA Upe3BHYAHHO MaibiM. [[efCTBUTENbHO, €CIH BMECTO
P, Ml GepeM IJOCKYI0O BOJHY C BOJHOBHM BekTopoM K,
MAaTPHUYHHM 5JeMeHT, BXopsamui B (2.1.1), Bkaouaer B cebsa
¢ypre-06pasH aTOMHOHI BOJHOBOU (YHKUUE P,, BIATHE
Bas BOTHOBHIX BexTopoB K — k' m k — K. Bubpas K
TaK, 4TOOH OMH W3 ITUX aPIyMEHTOB OLIJI MaJ, MOJYdYAM,
9ro fpyroit — mopsanka Ap/fi. B pesyabrare mmrepecyo-
m@as Hac BeJWYHWHA COep:KUAT fypbe-o0pa3 aTOMHOHM BOJI-
HOBOM QyHKunuE ana aprymeHTa Ap/h. ®ypne-oGpas He-
penAaTHBUCTCKOH coOCTBOHHOM QyHKUMM Bomopona yGrBaeT
TIPONOPIMOHAJBHO YeTBePTOH CTEmeHW apryMeHTa; eciu
Ap nocraTouHO BENWKO, MBI TOJDKHE MCIOJb30BATh peisi-
TABUCTCKOE BEHIPAKeHMe JJIA «XBOCTA» BONHOBOM QyHKIUH
B MMIYJIbCHOM IpocTpaHcTBe. OKasnBaercs, Torpa Gypbe-
o6pas y61>maeT npu6aAN3UTeILHO 00PATHO IPONOPIAOHAIE-
HO TpeThell CTeIeHUM BOJHOBOrO BEKTOpA.

C npyroii croporH, Geps nepByi0 GOPHOBCKYIO mMONmpaB-
Ky, MH BKJI0OYaeM H00aBOYHOe paccesiHNe HA KYJOHOBCKOM
HDoTeHIHaJe, W HamOOJbIONiA BKJAJ NAIOT WIEHH, AJA KO-
TOPHIX TAKOe paccesgHNe MPONCXOANT C mMeperaueii MMIIyIb-
ca mopAgka Ap, IOTOMY 4YTO 3[ECH Ml HO-IPEKHEMY UMeeM
meno ¢ pypre-o6pasoMm P, npu ManoM aprymenTe. IIpomece
paccesHUA NPHUBOIHUT K HOABJICHWIO B KAYECTBE COMHOKH-
tensa Pypre-o0pasa KYJTOHOBCKOTO IOTEHIMAJNA, KOTOPHIA
06paTHo nponopunonanen KBaJpaTy BOJHOBOTO BEKTODA,

e. (Ap)™2. CpaBHuBasg 310 BHIPA)KEHWE C 3aBHCEMOCTHIO
A OT MMIYJbca, KOTOpPas BKIKYaeT B ceOd cjaaraemee,
nponopruoranbEsie (Ap)™ maum (Ap)~3, Mn maummraeMm mo-
HAMATh Xapaxrep 3aBUcEMocTn oTHOmeEHA (2.1.2) or Ap.
ITo xomy ofcykpmeHus, OAA IPOCTOTH, MH OCTAHOBHIJIHCH
TOJABKO HA 3aBHCHMOCTH OT DepeJaHHOr0 HMIOyibca, HO
TaK 3e Jerko OPOCIefUTh HOABIEHUE CTeleHed Zo m IO-
HATh MPOUCXOKAEHNe 3aBHCHMOCTH 3TOr0 OTHOINGHHUSA
or Z.

Pesyaprar Mo:kHO cPopmynmpoBats B Gonee pusmue-
CKUX TeDMHHAX, KaK 9T0 1 OHJIO cleaaHo B cTaThe bpayHa
n Bynsoppa, 3aMeruBmNX, 4TO H3MeHeHHMe HMIyJibca Ap
B KOHEYHOM cueTe 003aHO aTOMHOMY AAPY. B mpubamxen-
HOM BHDayKeHWH Aid A, BIuAHUE AQpa CKAa3KHBAeTCH TOJdb-
KO Ha BOJTHOBOA QYHKIWH OCHOBHOIO COCTOSHHA g, U MBI,
clefoBaTelIbHO, UMeeM [eJ0 ¢ QUYKTyauuaMH HMIyJbca,
ONNCHBAEMHMHE 5T0# QyHKIMeH u 06A3aHHKIME B3aUMOJIeH-
CTBUIO 3JIEKTPOHOB C KYJOHOBCKHM moieM. B mompaBoanoM
9ileHe YUATHIBAETCH OOMEH WMIYIbCOM MEKAY HAPOM
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H 5A6KTPOHOM, HAXOAAMUMCH B BosOyMOEHROM CocTod-
auu. CpaBHEHNe IOKa3hBAET, UTO DHJIEKTPOHY Jerde HpH-
o0pecTH MMOYIbC TOrMA, KOTAA OH HAXOAUTCA B COCTOA-
HHUHI C BBEICOKOH aHeprueii.

JlBa wunena, oGcyskmaBmimecs 31eCh,— [Ba HEPBEIX
4jleHa pAfAa TeOPHH BO3MYIIEHHUII, B KOTOPOM MapameTpoM
Pa3osKeRnsa ABIAETCS OTHOUIEHWEe ATOMHOTO MOTeHNHaja
K KHHeTHYeCKOH DHHEPru;m IPOMEKYTOYHBIX COCTOSHMUMA.
Mn He paccmarpuBanu uwieHsl 6ojiee BEICOKOTO HOPSALKA,
HO He BEI3EIBAaeT COMHEHHUSA, UTO CXOLHMMOCTH DTOTO PAfa
Oyner xopomeit npu Gonbmux Ap u mMaanix Zo. [Ipnunna,
o0 KoTopoil Heap3s mpeneOpeub UJIE€HOM IIEPBOrO IOPAL-
Ka,— He II0OXasd CXONUMOCTH, a UYPEe3BHYANHO Majoe 3Ha-
yeHHe UJeHa HysesBoro mopsapgka. Yacro cayuaercs, UTO
TePBHHA YIeH pa3io;KeHus ucdezaer (HaupuMep, N3-3a CUM-
MeTpuu), 1 Torga 6e3 KoaebaHuil MOKHO 00paTUTHCA K Cle-
nywomemy 4ieny. B mannoM ciaydae Gbl1a 0macHOCTH OKa-
3aThCA 3ACTUTHYTHIMH BPACIJIOX, TAK KaK OCHOBHOHM 4jeRn
He paBeH HYJNI0, HO MEHBIIIE CIeIYIOIIero.

B cBa3u ¢ KorepenTHHM paccesiHHEM Y-U3JNYUEHUS ClIe-
AyeT BCIOMHHUTH, 9TO B NATHAECATHIX IofaX NPUIAHONA WMH-
Teépeca K 3TOMY BOIPOCY OBIIN BHIIOJHABIINECS TOIAA
OKCIEPHMEHTH II0 W3Y4YeHHIO [eIbOPIOKOBCKOTO pacces-
HUA, T. €. paccesHUs HINYIeHUA KYJOHOBCKHM MOJeM
Afep, CBA3aHHOTO C POKIeHNeM BHPTYyaJabHOR maphl. B ra-
KAX BJKCIepHMeHTaX o0cy:Kpaolmeecsi HaMH paccesHHe
9JIEKTPOHAMH aToMa ABJIAETCA YaCThI0 PoHA U JOJIKHO yuH-
THBaTbcA. J{nA derkmx aroMoB HpuGIMKeHHE, KPATKO
ONHCAaHHOE BHIIE, ABIAETCS AJeKBATHEIM, HO JJIA DKCIe-
PHMEHTOB IPEACTABIAAIOT MHTEPEC CaMEIe TKeJhe dJe-
MEHTH, TAK KaK AMEHHO OHM [JaloT HamboJsee CHIbHOE pac-
cesHme JlensGpoka. B aToMm cayuae GOPHOBCKMIA PAX MIO- °
X0 CXONNUTCA AJNA COCTOAHUN HEIPEPHBHOTO CIEKTPa Haike
opu o4YeHb BHICOKuX sHepruax. CiemoBarenbHO, HaXO BHI-
YACIATL BHPAKEHUSA THIIA (2.1.1) 6e3 npubamKenuH.

Ha mepsmif B3rasg sTo mpencraBisieTcss TPYRHEM fAe-
JIOM, TaK KaK IPSAMON IOXXOJ COCTOMT B HAXOKAGHHH BO-
JIOPOJHBIX BOJHOBHIX (QYHKIHI NJIA BCeX AUCKPETHHIX M
HENPEPHIBHHX COCTOAHMWHA, BHYHMCJIEHAN MATPAYHHX Bie-
MEHTOB W 3aTeM BHIIOJHEHWH CYMMHpPOBAaHWA W HHTErpH-
posanmsa. Cymectsyer ropasmo Golee Jerkuit myTh, OpeJ-
nokeHAHH nna sroit mesm Bpaymom, Ilaitepacom u Byn-
BoppoM *). Cxema aroro paccMorpeHwusi OwlIa, BepOATHO,

*) Brown G. E., Peierls R. E., Woodward J. B. /| Proc. Roy.
Soc.—1954.— V. A227 — P. b51.
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H3BECTHA M paHbie W, KOHEYHO, :U X u0p MHOTO pas3

mepeoTKpHIBAIACh.
Unsa mo stomy nyrm, 3anmmem (2.1.1) B Bumge
o | euvu exp (— ikor) | F (1)), (2.1.3)

rge F (r) Braiouaer Bce, 9T0 ecTh B BeIpa)kenuu (2.1.1) B
TOM 9mCJIe W CyMMHpoBaHHe Ho n. Torga nerko moKasaTh,
49r0 GyEKnmA F ynoBaeTBOpsAeT HEOTHOPOJIIOMY BOJHOBO-
MY YpaBHEHHIO

(Ey — H + chEk) F (r) = eyyy exp (ikr) P, (), (2.1.4)

raie H — pmpakoBckumit raMubTOHMAH.

Her ocmosanmit ynquBaaThesa, 4To GeCKOHEYHAsA CyMMa
0 COCTOSAHMAM, IPeNCTaBIAIOMAs co60fl BTOPOH HOPAMOK
TEOPHH BO3MYIIEHWII C yYeTOM 3JIEKTPOMATHUTHOTO B3aM-
MojelicTBUA, MOKeT OHITH CBeJleHA K OTHOMY HEOTHOPOIHO-
My nuddepeHIMATPHOMY YPABHEHUIO, MOTOMY 4YTO €CIHd
BCIIOMHHTH, KaK BHBORHUTCA O0O0IIee BHIPAYKEHHE TEOPHUH
BO3MYIIEHNH B JJIEMEHTAPHO# KBAHTOBOW MEXaHUKEe, TO
MBI YBHJUM, YTO OHO NOJY4aeTCA W3 HEOXHOPOMHHIX ypaB-
nernmit Tuna (2.1.4). [as yno6ersa F 06519H0 packnaasBaloT
B pAX 10 cOOCTBEHHHM QYHKIHMAM, YTO HPUBONUT K BHIpa-
xenuio (2.1.1). B gamnom cinygae «neoGpaGorannas» Qop-
Ma (2.1.4) Gomee ymoGHa.

IToxa (2.1.4) — TpexMepHoe ypaBHEHHE, HO OHO MO-
/KeT OBITH PABIOKEHO B PAM M0 COOCTBEHHBIM COCTOSHHAM
omepaTopa MOMEHTa, KOTODH# XOpOUIO CXONHUTCH, €CJIH
ANUHA BOJHEI 271/k He CAUIKOM Mala B CDaBHEHHWH C pa-
AWyCcOM aTOMHO¥ BOMHOBOH ¢pyHKumWN {,. B peaynprare oc-
TAHETCH CHCTeMa pajjalbHBIX ypPaBHEHWl, KOTOpPHE ym00-
HO PeilaTh C IOMOIIBI0 BHYMCIATENHHOW MAIIMHEL.

2.2. TIpenensl NpNMEHMMOCTH NPHGIVGKEHAA
Taiitaepa — Jlonpona .

CambM paHHWM M O0YeHb WHQYOPMATHBHHEIM I pPUGIHsKe-
HHEEM B KBAaHTOBOI MeXaHWKe MOJIEKYJ] Oblia KiaccudecKasd
pabora Taiitnepa u Jlonmona o monexyne H,. HamommEnM
RpaTko ungeio 3Toit paboTH.

M=u paccMaTpmBaeM raMuJIbTONHKAI, OOACHBAIOLMIT TBH-
KeHue [BYX dJIEKTPOHOB B IIOJIe ABYX AAepP, KOTOPHie Ipef-
monaraloTcA 3aKpeDJeHHHMU HA paccToAnmm R apyr or
ApyTa:

H=T,+T, + U, +Us+V,+ V4 Wy, 422622“}5
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3nech HWKHMe MHTOKCH ] Wiu 2 PasnmualoT [BA BIEKTPO-
Ha, I' o6osHavaeT KWHETHIECKYH sHeprmio, U — mpmra-
TEBAIONMA HOTEHNMAJ ONHOTO Afpa, V — Apyroro aAnpa,
a W — norennuman B3amMomeicTBHA MeKIY MBYMS 3IEK-
TPOHAMH.

Ecam atomsl pacmonoskeHsl He CIMmKOM GIM3KO APYT
OT ipyra, ABMKeHNe KayKA0r0 U3 JIeKTPOHOB BO3je 0THOTO
3 Afep MOKHO HAIOMMHATH OCHOBHOE COCTOSHIE aToMa
Bofioposia. CiemoBaTenbHO, MOKHO IIONBITATHCA HCIOMB-
80BaTh Kak npumbiamixenHoe pemeHue ypasHenms Illpenmn-
repa gysknuio u (1) v (2), rxe u m v — cooTBeTCTBYOMmMHE
cobcTBeHRH e (YHKNUA aToMa BOXOPORA, YHOBIETBOPHIIO-
mye YpaBHEHMAM

(TH+U—E)u=0, (T+V—E)v=0, (2.2.2)

rpe E, — sHeprusa OCHOBHOTO COCTOSIHWS aTOMa BOJKOPOAA.
Her BEKakux ocHOBaHW, OJHAKO, OTHABATH IPEANOYTe-
HHE TAaKOMY pAaCHOJOKEeHMI0 BJIeKTPOHOB II0 CPaBHEHUIO
C KpYruM, B KOTOPOM WHAEKCH I m 2 mepecTaBiieHH, T. e.
v (1) u (2). Us cummerpun raMEIBTOHMAHA U3BECTHO, UTO
TOYHOE penieHne ROJKHO OHITh CHMMETPHYHHIM HJIM AHTH- .
CHMMETPHYHEIM TIDH ABYX3JIEKTPOHHHX KOHPUTypammax
(cummerpuuHOE OpOHWTANBHOE COCTOSHHE COOTBETCTBYOT
AHTHOAPAJJIeIbHEM, a8 AHTUCHMMETPHUHOE — Hapajieiab-
HHM comHEaMm aineKkTpoHoB). IlostoMy B Kauectse mpmbiam-
’KeHHOH BOJHOBO# (pyHKOAM BHOMpaem -

Y=u)v(2)+v)u2). (2.2.3)
B sroM npubiamkeHHU >HEPIHI0 MOKHO ONEHHTH TaK:
_ VI HIY
E>=—%T% | (2.2.4)

IlomcraBnsaa mpubamkeHEY0 BOAHOBYIO ¢yHKmm0O (2.2.3)
B 9TO BHIDa)KeHHe, I[OCIe HECHOKHHIX ajreGpamdecKmx
BHIYUCJIEHWI HAXOTMM

E—2E,— S =

<lelv>+<u|V|u>+<u(1)v(2)lanlu(l)"(zb+

- T A? x

LA@IUID+A@|V]w +w@e )| Wialud)v(2)
= 15 A2 ’
(2.2.5)

rqe A — mHTerpam mepeRpHITHA:

A=Lulv. (2.2.6)
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Ecan paccrogame Me;xIy meETpaMu GOJbIle JAaMETpa aTo-
Ma BOJOPOAA, TO A Majio B CPaBHEHHHW C eMHHINEH, MalH
TaKKe W BCe WIeHH B UucamrTene Brpakendsa (2.2.5). Ha
TmEePBHIA B3rIAA KayKeTcsd, 970 mepBEe TPH WIEHA ¢ POCTOM
R y6muBaior, Kak R™! (R — paccToaEme MeRAy MeHTPaMHu),
TaK KaK, Ha@pUMep, NEpPBHH WieH ONMCHBAeT B3aMMOJIeR-
CTBHE KYJOHOBCKOIO HOJSI HEPBOTO aTOMA C BJIEKTPOHHBIM
00aKoM BTOPOTO, & TPETHH WIeH — KYJOHOBCKOE B3aH-
MofieicTBHe MeKIY AByMA DIEKTPOHHHMH obnakamu. Of-
HAaKO Ha OOJBIINX PACCTOAHEAX CYyMMAa STHUX TPeX WIEHOB
KOMIIEHCHPYETCA KYJOHOBCKAM B3aMMOMEHCTBHEM [BYX
NPOTOHOB, & TO, YTO OCTaeTcs, yOmBaer ¢ pocToM R 3KcIO-
meEnuanbE0. [locinemEume Tpm wieHa, BKIKYAlONUe Iepe-
KPHITHE BOJHOBHX (YHKIOWH, HEHTPHPOBAHHKX HAa pa3iudd-
HEIX aTOMaX, TaKKe YORBAIOT YKCIOOHEHOMAJIBLHO.

Mei, crenoBaTenbHO, BHAWM, YTO BIHAHME B3aMMHOTO
BO3MYINeANsA ABYX ATOMOB B 3TOM HPUOIEKeHMH ONEHH-
BaeTcsd KaK Majoe, moka R mocratouno Beamko. OOnramHO
9TO PAcCMaTPUBAETCA KAK rapaHTHA OMPAaBIAHHOCTH TaKO-
ro npuONM;KeHWS OpH MOCTaTOYHO Gombmux R.

Xopomo wu3BEeCTHO, 9YTO, [MOEeHCTBHTENHLHO, OHO Haer
BIOJTHE PasyMHEIe HpeACKasaHWA O B3amMmojeicrsum. Boi-
HOBHE QYHKIWM U B U MOTYT OHITh BHIOPAHH IOJOKATENb~
HBEIMH, & KYyJOHOBcKme dsHeprmm U m V oTpumaTenbHH,
TOTA KaK BJIEKTPOH-3JeKTPOHHOe B3auMmopeiictsme W
monoskuTenbHo. Ha mpakTHKe oTpumaTenbHEE WIGHH JO-
MUHHMDYIOT H, CJIefl0BaTeAbHO, ypoBHHN dHeprum E, << E_.
Mui HaXORMM, YTO CHMMETPUYHAS BOJHOBAs (QYHKIHUA, CO-
OTBETCTBYIOIAA AHTHOAPAJIEIbHKM CIMHAM BJIEKTPOHOB,
OPUBOAUT B KOHEYHOM CYeTe K NPUTAKEHHIO, KOTOPO®
memaer BO3MOMKHEIM oOpasoBamme cTabMIBHOA MOJIEKYJIH
H,, Torna Kak aHTHCEMMETPMIHAS (QYHKIHAA, COOTBETCT-
ByOIIaA NapajjielbHHM COMHAM, OPMBOXAT K OTTAJKHBA-
Huo. Itd QaKTH cayaT 060cHOBaHMEM KBAaHTOBOM TeOpUH
TOMEONOJIAPHOR CBS3H.

Masnocts mepBoOro WieHa psAfa TEOPHU BO3MYIIEHHE He
ABJsAETCA, ONHAKO, rapaHTHeidl TOr0, 9YTO pAA XO0POMmOo
cxogarca. OcoGeHHO YETKO 5TO0 MOKHO NPOMEMOHCTPHPO-
BaTh, 3aMETHB, UTO 3HAUEHM® SHEPTHH, COrIacHO BHIpaKe-
guo (2.2.5), saBmcut OT BHOOpAa HOTEHIHAJAa B3aMMOJEi-
CTBHA.

B pasHoil Mepe MOKHO UPHMEHHTH NAHHHHE MeTO[
K cmcTeMe, B KOTOPO# OTTaJKMBaHHUE MEKAY SJIeKTPOHAMHA
ONMCHBAETCSI He IPOCTO KYJOHOBCKOM cmioil, HO Gojee
CHJIBHKEIM B3aHMOJEHCTBHAEM, KOTOpPOe MMeeTcs Ha MAJIEIX
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paccrosHuAx. Takum cmocoGoM Jerko mOCTPouTh IpUMep,
B KOTODOM [OCIe[HEe ClaraeMoe B YHCIUTENE BTOPOi
Apo6u: (2.2.5) mpeBoCXOAMT CyMMY ABYX NpeLAYIUX, TAK
9TO BECh UHCIMTENb 3TOH APOGH CTAHOBHTCA HOJOKUTENb-
HEM. B aTOM ciyuae okassiBaercs, UTO ypoBeHb dHEPIHE
E, > E_. Onnako 910 IpOTHBOPEYNT IPABHIBHOMY OTBETY,
IOCKOJIBKY WMEeTCA TeopeMa, IO KOTOPOit coGcTBeHHAsS
¢ynrnua ypasuenms Illpegmnrepa, oTBevamas HaWHM3-
uemMy COOGCTBEHHOMY 3HAUeHHMIO, He MOJKHA MMeTh Y3IOB. -
CrnemoBarenbHO, aHTHCHMMETPHIHO® COCTOSHME, BOJHOBAS
(GyHKIMA KOTOPOro MeHseT 3HAK IPH MEPECTAHOBKE DIIEK-
TPOHOB M II03TOMY [OJKHA WMMETh Y3IH, He MOKeT OHITH
OCHOBHHIM COCTOSHHEM.

HanmommwmM upessraiino mpocToii BHBOX 3TOif Teope-
Mbl. Wcmoneayerca cieqyommii BapmanuoHHE# OPAHIAD:
O}KHUJaeMoe 3HAYEHHE

(52/2m) S (grad ) dz + S V (2) D (z) dx

CHY = (2.2.7)

S @2 (2) da

Aast moboit mournm Belony Auddepennmpyemoit GyHKIEE
® (r) momxHO GHITH GoNblIe DHEPTHH OCHOBHOLO COCTOAHMA
M MOJKeT OKa3aThbCA PaBHHIM eif, Tonbko ecam O — BosHO-
Bag QYHKOMS OCHOBHOIO COCTOSHHA. 3Hech Z oGo3HAYAET
a6oit HabGop mepemMeHHHX, a dzr — dIeMeHT o0GbeMa
B IOPOCTPAHCTBE ITHX NEepeMeHHEIX. 3aMeTHM, UTO, BHIpa-
’Kasg KHHETHIECKYI0 JHEPTui0 C IOMOINbI0 WHTErpaia OT
KB3aJipaTa TpafiMedTa, a He KaK TOKIECTBEHHO PaBHHIH eMy
uaTerpan ot —®V2®, ompenmenennmnit, ecim @ umeer
BTODYI0 TPOH3BONHYIO, IOYTH BCIOAY (PaBeHCTBO JerKo
OPOBePUTH, WHTEIPHPYA N0 UaCTAM), Mu 3ammcanm <{H)
TaK, 9T0 HEPABEHCTBO CIPaBeRIMBO, fake ecim @ mmeer
Pa3pHIBHYI0 IPOM3BOTHYIO.

IIpenmonoskum temeps, 9T0 coGCcTBEHRAA QYHKIHMA OC-
HOBHOT'O COCTOSAIHHUSA 1P, MMEET Y3JIEl, T. €. 9T0 B HEKOTOPHIX
9acTAX NPOCTPAHCTBA OHA IIOJNOKUTENBHA, & B APYTHX —
orpunarensHa. Torga ¢ymrnuma @ = |¢, | e cosmamaer
TOKIECTBEHHO ¢ P,. Ecim ato smagenme @ MH momcrasuMm
B BapManWOHHBI mnpumHnun (2.2.7), moaydmrca TOT IKe
pesyabTaT, 4ro M AJAA P,, IOCKOIHKY NOJHHTErpaibHEIe
BhIpaKeHWA B 060MX cIAyJIadX ONHH U Te ke (MCKIOYeHUS
COCTABJSAIOT Y3JI0Bbie IOBEPXHOCTH MepHl HYib). Takum 06-
pasom, nnrerpax (2.2.7) Gymer paBeH HEPTHH OCHOBHOIO
COCTOsIHWS, & 3TO He [ONyCKAaeTcA BapMALMOHHKM IPHHIHA-
IOM, WOCKOABKY (D He TOKNECTBeHHA P, W, WUMOA pas-
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PHIBHEIC TPOMBBOAMKIE, He MOKeT OwTh pemenmeM ypas-
seansa lllpenuarepa.

BriBon moxassiBaer, 4To sTa Teopema BHONHe oGmas,
eclii MOTeHNUAal He 3aBHCHT OT CHMHA (MHAYe COGCTBEHHEHE
¢ynknmm pasnnmyHOR CcEMMeTpHE He OYAYT pelICHHAMH
ofHOro m Toro ke ypaesHemua lllpenmurepa); kpome Toro,
TMOTeHNMAX He MOJKeH B3aBUCeTh OT HMIYyihca (KOrjia
B WIeHe, COOTBETCTBYIOMIEM TOTEHOUANBHONR SHePIun, OyHer
ABOfHOe wWHTerpmpoBaHme, copmep:kamee @ (z) D (z');
TAKOM WieH JUMAeT 3aKOHHOU CHJIH CpaBHEHHE, HOCKOJb-
Ky P, (z) u ¥, (z) Moryr mmeTp pasmble 3HAKM).

Bl IPAXOAMM K BHIBOAY, YTO IIPH HOCTATOYHO CHIIb-
HOM NOTeHnuajie B3amMmopeiicrsua Wi, Beipaykenme I'aiit-
igepa — Jlomgona (2.2.5) maer HenpaBWIBHBIE NOPAZOK
YPOBHEl BHEPTHH, Aa)Ke €CIM OHO W MaJo NPH GOJBMIAX
R. Her ocHOBaHME COMHEBATHCA B TOM, UTO IPHBENEHHHI
OTBET ABJAETCA XOPOUIMM NPUOAMMKEHMeM NI ABYX aTo-
MOB BOJIOPOA, PaCHONOKEHHHX HA JOCTATOYHO GOJBIIOM
pPaccToAHAM APYr oT Apyra (caydai, K KOTOPOMY OTHOCHT-
ca pabora Taiitmepa — Jlommoma), HO 3T0 HOMKHO OHITH
TOATBEP:KAeHO Gosnee 060CHOBAHHKIMHA JOBOIaMH, a He IIPO-
CTO CCHUIKO HA MAJOCTh WHTErpaja MmepeKpPHTHA.

3meck HEO)KUTAHHOCTD B TOM, 9TO YCTAHOBATH TOYHOCTH
9TOr0 KJIACCHYECKOT0 METONA Topasfo TPyMHEe, deM Mpefi-
CTaBJIseTCA HOPM HOBEPXHOCTHOM PacCMOTpeHHH ¥).

CobnasamrenbHO 0600muTh HAII BHBOJ HA CAydail Ipy-
TAX MOJIEKYJ W 3aABUTh, YTO A ABYXATOMHHIX MOJEKYJ
C HACHTHYHHIME AaTOMaMH OCHOBHOE COCTOAHHWE BCerfaa
ROMKHO UMeTh HydeBodl cmmeH. Ha aToM mytm Mel 6HI mpm-
OUIA K JIOKa3aTeJIbCTBY TOTO, 4TO (heppoMarHeTmsM He MO-
et cymecTBoBath. OXHaKO Taroe 0600menne HempaBoMep-
HO, MOCKOJBKY y Hac Gosbie OXHOTO BJIEKTPOHA HA aTOM,
T. e. o0mee YMCIO0 2JIEKTPOHOB 6oJbIIe JBYX, COCTOSHHE
OONHOH OpPOMTAaNbHOE CHMMETDPHH 3aNpPEIIeH0 NPUHIAIOM
ITaynu. Takoe cocrosEme AOMKHO KOMOMHMPOBATHCA CO
CIMHOBOX (yHKnmeil, Koropas Owuia 6K NMOJHOCTHIO AHTH-
CEMMETPHYHOI, a HOCKOJBKY Y KAaYKIOr0 CIMHA TOJBKO
JiBe OpmeHTanuyu, QyHKOusS He MOKeT OHTh aHTHCHMMETPHUI-
HO#, eciu uMeeTcsA Goibiie ABYX 3JEKTPOHOB.

*) AcHMOTOTHYECK: TOYHOE PeIeHWe 3afadi O MOJEeKyJje BOJO-
posa npu Gompmux R cm.: Herring C., Flicher M. [/ Phys. Rev.—
1964.— V. 134A.— P. 362, a rtawxme: I'opvros JI. IT., ITumaes-
exuit JI. IT.// HAH CCCP.—1963.— T. 151.— C. 822. B mocaen-
Helt paGore momymena omubKa B 4mcioBoM Koaddunmenre. (ITpu-
Mew. ped.)
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Ho-mpexuemy Bepuo, 4ro pemetme ypasmenmsi Illpe-
AMHTepa ¢ MOJHOH opOMTaNbHOH CMMMeTpHed HpHHATIe-
’KUT HAWHABIIEMY H3 BO3MOKHHIX COOCTBEHHHIX 3HAYEHHI,
HO 9T0 HEe DPeNCTABAAET NPAKTHIECKOTO HHTEpeca, IIO-
CKONIPKY 3Ta QYHKIUA He COOTBETCTBYeT KAaKOMY-I1u6o
(pusmvecKOMy COCTOSHMIO, a HAmIa TeopeMa HEYEro HEe TO-
BOPHT O HOPAAKe CJAEef0BAHUA YpPOBHEHd MeHbLINed CHMMe-
Tpum. Ilosromy He Hafo cimmKOM yAMBIATHCA CymiecTBo-
BaHWIO (¢eppoMarfeTmsMa.

2.3. OcHoBHOe cocrosmme cncTembr 2n-(hepMAOHOB
(ommoMepHBI ciayyaii)

Ilpn o6cymxmeEns npemsiiymero pasgena OBIO OTMe-
YeHO, UTO HE CymecTByeT OGIUX TeopeM, Ompefeadiomax
TOPANOK JHEPreTHYeCKMX YPOBHEH NJA CHCTEMBI, COCTOSM-
meii u3 Gosiee YeM BYX dIeKTPOHOB. TeM Gonee yanBATENb-
"0 00HAPYIKHUTE, 4TO B TACTHOM CIyIae YACTHII, ABIKYIIAX-~
1 B OHOM M3MEDPEHHMH, MOKHO [OKAa3aTh, YTO OPH YOTHOM
9EClie YaCTHI B OCHOBHOM COCTOSIHHHW CHCTeMa MMeeT CIZH,
PaBHBIH HYT10. ITOT HEOKUAAHHEIA Pe3yabTaT ORI MONYICH
JIubom m Martrcom *). IlpueeneM KpaTKoe M3noMKeHHEe HX
Aen. '

PaccmoTpuM 2n 0MHAKOBHIX (PEPMHOHOB B OJJHOM Ha3-
MepeHUM, PACHOJIOKeHHHX JJAS OLpPEeleJeHHOCTA Ha KO-
HedHOM oTpeske 0 <<z << L. OHm mpom3BOIBHO B3amMO-
MeMCTBYIOT, X MOTEHI[MAN B3aMMOJEHACTBUSA BABHCHT TOIBKO
OT I0JIO/KeHWs JacCTHIN, HO He OT UX CHHEHA.

Bes morepu ob6mmEocTn MOMKHO paccMaTpmBaTh CHTYa-
. OUi0, OPU KOTOPO# NpPOeKmuA IOJHOr0 CHMHA B HAmpaB-
JIeHUH Zz PaBHA HYJI0, TAK KaK 5TO BOBMOKHO I JI000Oro
[eJIoro CEHa — OT HyJfA [0 7. Torma n a1eKTPOHOB MOIK-
HE UMeTb, MOJOKATEIBHYI0 OPOEKIHAI0 CIMHA S,, 4 0CTAlb-
HHE 3JIeKTPOHH — OTPAOATENBbHYI0. MOKHO OmOJHE-
TeJIBHO NPEfIONOKHETh, ITO JACTHOH ¢ 1-if WO 7-10 EMEIoT
comH s, = +1/2, a ¢ n 4 1-# Do 2n-0 —s, = —1/2.
3Hag BONHOBYI (QYHKOMIO NI DTOH CHTYauMh, MOMKHO
BRIHCIATL €€ i JI060ro APYyroro pacmojoKeHHS CIH-
HOB, HCXOfl M3 IOJHOHX aHTHCHMMETPHH.

Upes JIn6a m Marruca sakmiouaercs B TOM, 9YTOGH
paccMoTpers Goljiee OrpaEWUeHHYI 001acTh KOHQHATY-
PamMOHHOT0 NPOCTPAHCTBA, AJA KOTOPOH BHIOJHAITCH

%) Lieb E., Mattis D. [/ Phys. Rev.—1962.— V. 125—
P. 164.
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HEepaBeHCTBa

0<x1'<12<"°<xn<[“

0 <t s < - - g < L @3.9)
(AMKaKuWe OrpaHMYeHMs He HAKJIALHIBAIOTCH HA MECTOMOJO-
' JKeHHe IPOM3BOJNBHOH dWacTHOH € S, = -+ 1/2 mo orHOmIE-
HHIO K ni060f uactume ¢ s, = — 1/2). 3nas BoaHOBYIO
¢yEKIMIO B DOAOpOCTpAHCTBE, B3aTABAEMOM YCIOBAAMHE
(2.3.1), MOxHO HemOCPENCTBEHHO pPACHPOCTPAHATH ee Ha
BCe ocraBIleecd KOHPArypanmoHHOE HPOCTPAHCTBO, TAK
KaK MBE MO<eM IOHmACTh TYAA, HEPecTABIAA YACTHAIE
¢ JaHHHM 3HAYeHWEeM CIHWHA NPYr ¢ ApyroM. B coorserct-
pun ¢ npuEnunoM Ilaynm, BonHOBas QyHKIEMA aETHCHM-
MeTpPHYHA OTHOCHTEJIBHO TAKHX 3aMeH.

‘BapranumoHEHA UpHMEOMOD CHOBAa MOKHO 3amUCaTh
B gopme (2.2.7), HO merxo sameruth, UTO NIA mpOGHOI
dyrxnun @, nomumEsomenca npmEnuny Ilayam, mocra-
TOYHO BHIYHMCJIHTH WHTETPATH WO IOAIPOCTPAHCTBY, 3afa-
BaeMoMy HepaseHcTBamu (2.3.1). Tak Kak Kakmoe wu3
HOANIPOCTPAHCTB, MOJNydYalolieecs M3 JAHHOLO IIyTeM Hepe-
CTAHOBOK, JaeT TOT :Ke BRJIA, WX CYMMApHEI yder CBO-
RUTCA K YMHOKEHWIO YMCHMTeNA W 3HAMeHatens Ha (n!).

BryTpm mognpocrpaHcTBa MOkHO BHOpaTh QyHKmDHEID O
OPOM3BOJNIBHO, YYATHIBASA, ONHAKO, YTO A TOTO, UTOGHI
EMeTh BOBMOKHOCTE HPOJOJKATH €e aHTHCHMMETPHYHO 1
HeNpPepPHBHO, MH [JOJIKHH moTpe6osaTh mcuesHoBenus O
Ha BCeX TpaHHOAx B HepaseHcTBax (2.3.1), B wacTHOCTH,
KOrfla KOOPAMHATH KAaKUX-Iu00 ABYX YacCTHI ¢ OTMHAKO-
BHIMA NPOEKIUAMHA CIHHA COBOAJAIOT.

Temeps sacHO, 9To B mpefenax HTOTO MONMPOCTPAHCTBA
TMpUMEHMMA Hama TeopeMa O 0e3y3elbHOM OCHOBHOM
cocrosEmu. Ham m3BecTHO, 9TO BHYTPHE yKasaHHOTO HOJI-
OpoCTpaHCTBA COOCTBeHHAsA (QYHKOUA, COOTBETCTBYIOIAA
HaWHABINEHd DHEPruM, y3noB He mMeer (ysiul, TpeGyemnie
npuaRunoM [laynm, o6pasyoT rpaHIOH HOIPOCTPAHCTBA).
Mu Taxske sHaeM, 410 co6cTBeHRAaA (QYHKIMA, COOTBETCT-
«BYIOIIaA cyMMapHOMY cm#mEY S = 0, MOJHOCTBIO CHMMe-
TPAYHA OTHOCHTEJBHO KOODAMHAT BCEX HYACTHI, ¢ IIPOTH-
BOIIOJIOKHBIMA TPOEKOUAMM CHAHOB (T. . OTHOCHTEIHHO
M00bIX TEepecTaHOBOK BHYTPHM MOAIPOCTPAHCTBA), TOTAA
Kak QYHKOUA, COOTBETCTBYOMASA CYMMapHOMY CIHHY
S 5= 0, momwxma copmepxath HoGaBoumbie yaau. (Ecam
mociefHee yTBEP;KIeHHe He NPEeACTABIAETCA OYeBHIHEIM,
BCHOMHHATe, 4YTO, HAampEMep, coOcTBeHHas QYHKOUA CO
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couaoM S = 1 m M* = 0 mosker ObITh HmONydYeHaA IpPUMe-
HeHHeM OIIepaTopa MOBOPOTA COMHA K QYHKIHH CO CHHHOM
S=1mun M, =1, Koropag umeer n + 1 cumH BBepX H
n — 1 comH BHEM3. Ilociaennan QyHKIUA, TakuM o0pasoM,
TOMKHA OHTH AHTUCHMMETPHYHA OTHOCHTENBHO n -+ 1
KOODIMHATH, a COMHOBOe BpalieHWMe He BJIAseT Ha opOu-
TAJIbHYI0 CUMMETDHIO.)

Tax MoKa3BIBaeTCA YTBePKAeHHE, CHOPMYIHPOBANHOE
B HavaJje pasmena. OUeHb HEOKUTAHHO, 4TO TAKOH o6mmii
peay/abTar MOKeT OHTH moaydeH Tak mpocto. OgGHAKO 3TOT
pe3yJabTaT IPefCTaBIsAeT YNCTO aKageMUIecKHil WHTEpec,
TaK KaK OH NPWHOUNNWAIBHO OrPAaHUYEH ONHUM H3Mepe-
gneM. W ato pasymHO, MOTOMY 9T0 TOABKO B OTHOM H3Me-
PeHMH MBI MOKEM TAaK OIpPeIeNuTh NTONIPOCTPAHCTBO,
49T00E BCe OCTAJbHOE KOHPUTIYypammOHHOE IIPOCTPAHCTBO
MOTJIO OHITH HOJIY9eHO M3 KAHHOTO IIyTeM HepecTaHOBOK X
97065 €r0 IPaHANE GEIM COCTABJEHH U3 TOUEK, B KOTOPHX
IBe KOODAHWHATH COBIAfAIOT, TAK YTO BOJHOBAA (QYHKUHMA
ROJKHA 0o0pamarhcs B Hydb. B caydae AByX miam Goiee
W3MEpeHn# ABe YACTHIHI MOYKHO IIOMEHATH MECTaMH, Ie-
pecTaByisigi HX APYr ¢ ApyroM 0e3 coBMemieHHs rae-aubo.
Ecnn BorHOBasg QyHKOMA aHTHCHMMETPHYHA, TO TPH JBH-
/KeHNM BAOJb TAKOr0 KOHTYpa OHA [OJKHA H3MEHHTh
3HAK M, CJeJoBaTeIbHO, MMETh rue-To y3ea. Ho mpepn-
CKa3aTh, rjae OyAeT HaXOAUTHCA BTOT y3eld — HEBO3MOKHO.
IToaroMy cxeMma, HWcmonb30BaHHASM NI OTAeNeHH [006aBOU-
HEIX Y3JI0B OT MHHEMAJBHOTO YHCJA,. TPe0yeMoro ImpuH-
munom ITaynm, paGoraer TonbKO B ciydae OQHOTO H3Mepe-
HEA. I ToMy jKe 3TO yTelnTeNbHO ¢ TOUKM 3PEHNUS CYMecT-
BOBaHUA (eppoMarHeTmaMa.



3. CTATHCTNYECKASL MEXAHUKA

3.1. Mpuanun ITaymu B MeTamnax

CoBpeMCHHAS HJIEKTPOHHAS TEOPUS META/IOB HAYallacCh
¢ peickassiBanus ITayam o ToM, 9TO B MeTajie NPUHIUI
sampera u, caegosarenbno, cratucruxka ®Pepmu — [lupa-
Ka [OJUKHH OHITh UPUMEHAMHE KO BCEM 3JIeKTDOHAM,
B YACTHOCTH K BJIEKTPOHAM IPOBOAMMOCTH. JTO 3aMeYaHMe
cpasy ycTpaHseT TPYAHOCTH, CBS3aHHBIE C MAPaMarHeTH3-
MOM MeTaJLIoB. B COOTBETCTBHM C KIACCHUECKOH CTATHCTH-
KOl CIIMH 3JeKTPOHA MOKeT CBOOOTHO ClIe1oBaTh 3a NPH-
70}KeHHKIM MArHATHHIM IIOJIeM, YTO NPHBOMAT K Iapamar-
HATHON BOCIPUAMUMBOCTH, OgIAHIOMelcs 3akony Hiopn,
T. €. 3aBECMMOCTH, OOpaTHO NPONOPIMOHAJBHON TeMIle-
parype, TOrfa Kak B JeHCTBATEJBHOCTH MArHMTHAA BOC-
OPUAMYABOCTD METAJJIOB HEe 3aBACHT OT TeMIepaTypsl M
ropasgo MeHbmIe TOf, KOTOpas cooTBeTcTBOBaMa Gbl 3aKo-
my Hiopn.

Coraacuo craructuke ®epmu — Jlupaka 6OJIBIIHHCTBO
BIIEKTPOHOB HAXOMATCA B OPOMTANBHBIX COCTOSHHAX, YiKe
cofep/KamuX ABA BIEKTPOHA € NPOTHBOMOJOKHBIMA CIIH-
gamu. [losromy 6es HapymeHAda NPWHOWIA 3alpera OHH
He MOTYT OPMeHTHPOBATHCS HOJ JeiCTBHEeM BHEITHEero moJs.
9710 BO3MOKHO TOJBKO [Jisl 3IE€KTPOHOB B YaCTUIHO 3aI0J-
HeHHBIX COCTOSHMAX, T.e. JJs JJIeKTPOHOB ¢ dHepruei
s uaTepBaie kgl BO6nmau sHeprum Pepmm Ep. Ux umcio
MeHBIIe MOJHOL0 YHCIA dIeKTpoHoB mpmmepHO B Ep/kpT
pas. ITOT MHO)KHTeNh OOBACHAET KAK Majoe 3HATCHHE
MarHATHON BOCIPHMMYHMBOCTH, TAK M €€ He3aBUCHMOCTb
0T TeMIepaTypH.

Takxoe paccygeHEne CHejajo0 BO3MOKHEIM pa3pemieHue
MHOTHX JPYI'MX aHAJIOTHUHHX TapafgokcoB. OmHAKO, XOTH
OCHOBOIIOJIATAION[AE IIPUHIMIE KBAHTOBOX MEXaHMKH ABHO
tpeGoBasu HeoOXopmMocTH npEMeHenna npuhnuna llayrm
KO BCEM DJIEKTPOHAM CHCTEMbI, ¥ BTO TOJATBEPIKIAIOCH dM-
nApPWYECKN, Y HEKOTOPHIX BCE K€ 0CTAaBaJoCh YYBCTBO HE-
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VROBIETBOPEHHAA: €CIH [BA OJIGKTPOHA HAXONATCH HA
PasHHX KOHIAX METAJIHIeCKodl MPOBONOKA MAKPOCKONH-
9eCKOro pasMepa, CKa)keM JIEHOH B MeTp, He yIMBHTeNIb-
HO JH, 9TO OHH YXHTPAKTCA He OHITH B ONHOM COCTOSf-
prp? Kak KakOHi #3 HHAX MOMKeT 3HATh, YTO [elaer
Apyroiu? .

OrBeT Ha TOT BOIPOC COCTOHT B TOM, UTO, NeHACTBHTEN b~
HO, Ka;KIOMY M3 [IBYX PAcCIOJOKeHHHX MIaleKo APYr OT
fipyra dJIeKTPOHOB TPYAHO HMOBIHATh Ha ABHKEHHE NPYTo-
ro, HO 3T0 U He TpebyercA IPHHOMOOM 3ampeTa. B sroM
npaB@ie NOHATHE (COCTOAHME» COMEPIKET KaK KOODAMHATY,
TaK W WMMIOYJABC HOCTOABKY, IOCKOJABKY COOTHOMICHH®
HEONPe[eNeHHOCTH II03BOJISET HAM B3HATh HX, €CHH MH
OrOBOPHUIHM, ITO ABA JEKTPOHA HAXONATCH B PAasHHX 06aa-
CTAX HPOCTPAaHCTBA, BTOr'0 JOCTATOYHO, YTOOH TrapaHTH-
poBaTh, YTO OHM HAXONATCHA B PA3IMUHHX COCTOSHHUAX
u, TakEM o0pasom, ymosierBopsioT npuEnuny Ilaynm,
Hukaxkmx no6aBouHKX orpaHEWYeHmil Ha UX' ABUKEHHe He
Tpebyerca.

Yrobm mpencraButh ceGe 370 HEMHOTO fCHGe, HIeallH-
3UpyeM 3afaly H pacCMOTPHM HEB3aHMOMeACTBYOmme
CBOGONHEIe BIEKTPOHH B OJHOMEDHOM (AIEKe» AJAHH L.
Ham6onee mpoctoit cmoco6 oxapakTepm30BaTh [BHKEHHE
9I6KTPOHOB — BHIOpaTh CramMOHADHHE COCTOSHHS, IR
KOTOPHIX BoJIHOBasA (YyHKOWA Oyger NPOmOPHEOHATIHHA
sin kxz, rme momycrummie smauenms k xpatEs n/L. B kam-
IOM M3 TaKMX COCTOAHMIA MoKeT GHITH He Gosee ABYX diieK-
TPGHOB ¢ IPOTHBONOJOKHKEMA COHHAMHE, B eCIH L Belmko,
TO MOKHO CKasaTh, 4910 B K-DpOCTpaHCTBE IIOTHOCTH
9JIEKTPOHOB [IJIi KA&KAOI0 W3 HANpaBlIeHMH CIOHEHA
ects L/m.

HKoopnmraTa Ka)k/{0ro us TaKEX 3IEKTPOHOB He ONpeNe~
JeHa B OpefiefaX JIUHH L: dIeKTPOH MoKeT OHTH T
YTOOHO BHYTPH AM@Ka. B wacTHOCTH, HeT HYKIH IOKa3H-
BaTh, YTO KakWe-Nu60 MBa M3 BTHX DIEKTPOHOB HE MOTYT
OKa3aThCsA B OMHOM Mecre. JacTo, ofHAKo, ynoOHO yKa-
3aTh MECTONOJOKEeHNe 3JIeKTPOHOB C HEKOTOPOi#l TOYHOCTHIO.
Torma MoxHO 3aMeHHTH CHEYCOHAANBHEE BOTHOBHE (YHK-
OUA, XapaKTepU3yoIne ABMKeHHAE HIEKTPOHOB, BOJHOBH-
MH NaKeTaMH, TAK YTOOH OTHENBHEI BOJHOBOM HaKeT GBI
OeHTPHPOBAH B TOUKe T = na W ABIAICA MOLYIMPOBAHHOM
BOJIHOM C BONHOBHIM 9HCIOM kK = mb, rie n, m — nense
gncna. Yro6H 3TH BOMHOBHE HaKeTH OHLIK OPTOTOHAIBHE!
H COCTABIANA HOJHYIO CHCTEMY (QYHKIU, HOIKHO BHIION-
HATBCA ycioBue ab = m. YHoMHEHAaBIIHeCS BHIIIE CTAIHO-
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HapHEIe COCTOAHHA COOTBETCTBYIOT CuenuaabHOMY BHGODY
a=1L, b=an/L. B o6mem caydae Gymer cymecrBoBaTth
L/a pasnmaanx JOKANM3ANMANA, W B Ka)KAOM H3 DTHX MECT
IUIOTHOCTD BO3MOKHHX BOJHOBHX MAKETOB B k-npocr-
paHcTBe ectv 1/b = a/m, 1. e. B L/g Pas MeHbUIE, YeM
PaHbIIe,

Bonmossie makers me sBasiorcs CTPOrO CTAI[MOHAPHEI-
MH COCTOAHHAMM; B KaKAOM HMeeTCs Pasbpoc mo KuHeTH-
9eCKUM DHEPrusM, HO JJif YCTAHOBIEHHS pacnpeneaenns,
COOTBETCTBYIOIET0 CTATHCTHIECKOMY PaBHOBeCHIO, JocTa-
TOMHO 3a/1aTh YHEPIHIO TONBKO C TOTHOCTHIO, IpeBHIIANIeHR
kgT. Name mas Temnepatypu, pasHoi 1K, u smeprum
Qepmu, pasrOit 2V, pasbpoc MO BOJHOBHIM wmCIaM
BCe ke Mojker GHTh B HECKONBKO pas 6ojpme 10° cM 1,
TaKk 410 mOJOKeHUe (KOOPHMHATA) DIEKTPOHA Ge3 cymecr-
BEHHOT0 HApYIIEHAS TENJIOBOrO DABHOBECHS MOKeT GhiTh
YKasaHo B mpefiesax 10 MKM mam OKoso 3TOrO.

JlBa BoxHOBHX maxera, pasnuyammecs w@ciIOM n,
XapaKkTepASYIOMUM JIOKANH3ALMIO, WIH m, XapaxTepu-
3YOIAM UMIOYJIBC, HIM OGOMMHE HTHMM YHCIAME — opro-
TOHAILHEIE COCTOAHAA ®, TAKAM 00DPa3oM, ¢ TOUKH 3peHnsd
npmanmna Ilaynm, cumramorcs pasnmumsMm COCTOAHUAMH
IOBHKEHMS.

B sapmawax Taxoro popa, COXePIKAIIMX MOJCUET COCTOSM-
HU#A, I TOTO, 9T06H H36e3KAThH TPUBAAJIBHKX HEOKHIAH-
HOCTei, IPAHXONUTCA NOMHHTH O Pa3imImu MEK]y IrpaHmY-
HEHIME yCIOBMAMHA THIA YCIOBHH «AmmKay, KOTODHIe MEI
ACHONTB30BANHN, W NUKIMICCKEMA I'PAHHIHEIME ycaosuaMn,
KoToprie wacto Gomee ymoGHEL.

Ilpm BHGope mocnegmmx Ham TpebyloTca mepmommue-
CKHe BONHOBHe QyHKnEE ¢ mepmomoM L. Ecam oHm samm-
CaHH B Buae exp (ikx), BomHOBOe wmemo k& IOMKHO OHTH
KpatHO 27/L. Iloatomy AONyCTHMEIE 3HAYEHHS X B 3TOM
Cilyuae B 1Ba pasa Goabime, 4eM Te, KOTOpHe OHIIE B cay-
1ae dNIEKTPOHOB B OJHOMEDPHOM «SIMUKe», HO HaJ0 IIOMHHTD,
9T0 JUIA «AMHUKA» He MMeeT CMEICIA HCIOIB30BATH oTpu-
HarejbHEe BHAYCHHA £, a B Clyvae QUKIAIECKEX rpaHmY-
HHX ycaosmit exp (ikz) m exp (—ikz) — PasiamuBbe PyHK-
nuu. Hpw moxcuere cocronnuit B 3agannom HHTEpBae sHep-
THH, T. 6. B 3aJaHHOM WHTepBale BHAYCHHIk k?, nmrnmge-
CKHG TDAHHYHEIE YCIOBHA [AalT IOZOBHEY MJIOTHOCTH
COCTOSHHH, HO PacHPOCTPAHEHHYIO Ha /IBA DKBEBATGHTHEX
unrepsana k. Ilosromy ecam obe cxemur OPUMEHATH MOCIe-
AOBATENBHO, TO BCEIAa IMONYYalOT ONUMH M TOT KE OTBET.
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3.2, Nouuzanns

Eeam cumcrema aToMOB HAaXOAMTCH B CTAaTHCTHYECKOM
pasHoBecHH mpu Temmeparype 7, TO OpH YCIOBHH, UTO
B3aHMOJleiCTBHe MEKAYy aToMaMu IpeHeOpe:KxEMO Malo,
BEPOATHOCTDH TOTO, YT0 HEKOTODHH aToM HAXORHTCSA B CO-
CTOAHNM n, ompeneadaercsi GOJbIMAHOBCKHM BHEIPayKeHHEM

(1/Z) exp (—BE,), (3.2.1)
rme, Kak OOBYHO,

p=1/ksT, (3.2.2)

Z = Yexp (—PE,); (3.2.3)

CTATUCTHYECKAA CyMMa BbIYMCIIHETCH II0 BCEM COCTOSIIMAM
H BKIOYaeT MHTEIPHPOBAHWE IO HEeIPEePHBHOMY CIEKTDY.

IIpm HESKEX TeMmmeparypax, KOrZia OCHOBHOI HHTepec
mpefcTaBAAlT ca1aGo BO30Y)KNeHHEe COCTOAHHA, OTHOCH-
TelbHBIe BePOATHOCTH 3aMOJHEHHS MOT'YT OHITH Jerko Haii-
mensl ucxond us (3.2.1). OqHako gake ApE HE3KUX TeMIIe-
paTypax Helb3sl HOAYIHTH aGCONIOTHHIE 3HAUCHHA BEpOAT-
HoOCTeil, TAK KaK craTHCTAYeCKas cyMMa, faBaeMas BHpa-
enneM (3.2.3), pacxomurcsa. ITO COPaBeNIHBO JaKe A
BKIafa, o0fg3aHHOro AucKperHOMy cmektpy. Hampuwmep,
B BOJOpOfe C y4eToM CIMHA CYIecTByeT 2n? COCTOAHHIA,
KajKHoe W3 KOTOPHX HMMeeT DHepruio

E, = —R/n*, n=1,2,3,..., (3.2.4)

rme R — mocroanmas Pupbepra. CoOcrBeHHHE 3HAYeHUSA
sHepruu E, CTpeMAaTcA K HYXI0 OpH GONbIIAX 1, TaK 4TO
MUCKpeTHAas 4acTh CTATHCTHYECKOH CYMMH Z DPacXONHTCHA
Kak 22n%. Briaajg HempepHBHOrO CHEKTpa jiellaeT pacxofH-
MocTh emie Gosee CHIBHOIA.

C HeKOTOPHIM YAHBICHHEM MH JOJKHH CHETaTh BHIBOJ,
4T0 BePOATHOCTh NAHHOMY aTOMy HAXONHTHCA B OCHOBHOM
COCTOMHME HJIX B KakoM-Im0o [JpyroM ompeneieHEHOM
cocrofENE paBHA HYX0. UTOOH IMOYYBCTBOBATH 3TO KOJIM-
9eCTBEHHO, PACCMOTPHM aTOM BHYTPH KOHEUHoro o6mnema,
ckaxxeMm, cpepsl pagmyca a. Torma cocrosHms, ¢ paguy-
camu opOuT ropasgo MeHbIIEMH, YeM @, Oynyr mmerh Ty
yKe DHEpTHUlo, 4T0 @ B CBOGOJXHOM NIPOCTPAHCTBE, & COCTOMA-
HEA ¢ pagmycaMu ropasfgo Oonbmumm, Yem a, COBCEM He
6ynyr cymecrsoBath. Tak Kak cpegEHil pammyc OpPOHT
ecTh ayn?, rae a, — OOPOBCKHH pagmyc, MOKHO IPABHIb-
HO OIL[eHUTH MOPHAKOK BeAWUUHH CyMMHl, o6pesas ee Ha 3Ha-
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ueHnAx n = (a/ay)'/?, 4ro gas GoabmuUX ¢ nmaer sHaucHHe
Cymmsl, pasHoe (2/3) (a/a,)®®. C pmpyroit cropomm, merko
BHJITb, 9YTO B TOM jKe Ipefele BKIAX HeNPEPHBHOTO
CHOEKTpa eCTh BeJIMYMHA, NPONOPIHUOHANBHAA 0GBEMY, T. e.
a®. Taxmm o6pasoM, B pealbHO GOTHIIOM ofBeMe npeo6-
JafA0MKM COCTOAHHMEM 3JIEKTPOHA MOMIKHO OHITh COCTOS-
HHe C TOJOKHTeJIbHOM HSHEpruel — aToM HMOHH3OBAH.

Ecam Mu peiicrBurensuo paccMaTpEBaeM OJUH aToM
B OecKoHEYHOM 00beMe, TO 3To ¢ ¢pusmueckoit Toukm 3penus
UPaBUIbHBIA OTBET, TAK KAK MOHHBANMOHHOE DPABHOBECHE
83BHCHUT OT [OCTYOHOIO aToMy ob6bsema. JTo siCHO M3 pac-
CMOTPE@HMs CKOPOCTedl MOHM3ALMK M PeKOMOMHAIMH, KOTO-
Prié B paBHOBeCHH MOKHE OHTH cOanamcuposamsl. Ilpm
11060M MeXaHM3Me CKOPOCTh HMOHHBANMME He BaBHCHT OT
o0beMa, B TO BpeMA Kak CKOPOCTh PEKOMOMHAILHY B3aBHCHUT
OT BEPOATHOCTH BCTPEYM DIEKTPOHA C SAADOM, & TA BEPO-
ATHOCTH 00PaTHO mPOMOPIMOHANbHA obBeMy.

B mpakrmueckmx samagax Mm ropasgo dvaime uMeen
Re0 ¢ GOTBIIMM YHCIOM ATOMOB B GOJBIIOM 0GHeMe npn
KOHEYHOH, XOTA, BOBMOKHO, W Majoil, mIoTHOCTH. B sToM
CIydae MOKHO HCIIOIb30BATH COOCTBEHHEIC COCTOSHHS CBO-
GONHBIX aTOMOB, TOJBKO €CAH HX PafmycH MeHbIEe Cpef-
Hero pacCTOAHHA MeKAY aTOMaMi; He HY/KHO [JIS KasKIOT0
aTOMa YYHTHBATL COCTOAHHA ¢ GOJNBIIEME pagEycamu,
TaK KaK OHHM IePEKPHBAIOTCA C COCTOAHHAMH B JIPYIAX
aroMax W QaKTHIeCKM OMHCHBAIOTCH COCTOSHEIMM Opyrux
4TOMOB, KOTODHE TaKiKe OYAYT yuTeH. Ilo TeM Ke C00G-
Pa’KeHHAM He HY}KHO YYHTHBATH HEIPEPHIBHEI CIIEKT] KajK-
AOTO ATOMA, TAK KAK 9TO TAK)Ke IPHBEN0 GEl K MHOTOKPATHOMY
Y4eTy ofHHMX M TeX jKe cocToAHmM. [Ipmmammx nmoTHOCTAX
HeNPePLIBHEIA CIIEKTD MoKeT GHITH 3aMeHeH CIeKTPOM 3JIeK-
TPOHOB, NBHKYIUXCA B CBOOOLHOM mpocrparcTBe. U, Hako-
Hel, CIeAyeT y1eCThb B3AUMHO® OTTATKHBAHEE JIEKTPOHOB,
KOTOpOe O3HAYaer, UTO JHEPTHA CBABH HJIEKTPOHA B aToMe
CYMIECTBEHHO YMEHBIIAETCHA, eCIH TaM yke ecTh APYroi
3JIeKTPOX.

HeransHOE paccMoTpeHme 3TOTO BOIpOCA, M3IOKeHHOE
O9eHb fACHO (Hampumep, B KHHre Jlamgay m JImpumna *),
HOKa3hiBaer, 4TO HPH TeX TeMmepaTypax, IpH KOTOPHX
ras eme He NOJHOCTHIO MOHH30BaH, BEPOATHOCTH BO3GY:K-
fleHds aToMa OpeHeGPe;RMMO Mala, TaK UTO MEH HMEeM [e-
10 C aTOMaMM B OCHOBHOM COCTOAHMH, HOHAMH (T. €. I

*) . 4. Tanday, E. M. Jdugpwuy. Crarucrudeckas ¢usnka:
B 2-Xx 4.— M.: Hayxa, 1976.— 4. 1, — § 104,— (Teopernueckas
¢usura; T, V).
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BOOPOJA — C TOJBIMA HPOTOHAMH) H CBOOOTHBIMA BJIEK-
tporamu. CocTosiHMe DaBHOBECHA MOKeT OHTh HailleHO
OOKYHHIME MeTONaMH OIpele/ieHAs PAaBHOBECHS HPH PeaK-
muax. Ilpmsememnnit Jlammay = Jlmpmmumem pesyasTat
mpefcTaBled A BOLOPOAA B CIeIYIOIIeM BHAE: CTEHeHb
HOHW3AIMH, T. €. OTHONIEHHNEe YHCJIa MOHOB K 00meMy THCIy
Amep, ecrb

= [1 + (%:T %) exp (— 53)]'”2, (3.2.5)

rme P — maBieHme, a m — Macca 9iaeKTpoHa. MH CHOBa
y6esxnaemcsa, 9r0 B GeCKOHEIHOM oGBbeMe NPM KOHETHOM
qucae aTOMOB, KOTAA AaBieHHe PaBHO HYIIO, IpH JI06o#
TeMmeparype HMeeTcsa NOJHAA MOHN3anus.

HMcropmueckas cnpaeka. Teopus TepMudecKoit moEm3anEy OrIa,
A myMalo, paspaGoranma BmepBee Caxa, W 3TOT Pe3yJabTaT DPaHBUIE
6u m3BecTeH Kak ypasmesde Caxa. Hax ypaBmemme Caxa oH Io-
Npe;KHeMY YIOMEHAETCA AcTpPOoQU3MKaMuM, HO, 38 PEJKUMH HCKIIO-
9YeHAAMHE (IpIMep—IATHPOBAHHHIA BHITe OTPHBOK M3 KEATH Jlamgay
7 JIapmuna), EMeeTcs TeH[EHNHA HIHOPHPOBATEH ero B yieOHMKAX.
Du3NKA, CTOJKHYBIIHECA C DTOH 3amadeil, MOTYT, Clef0BaTeJIbHO,
oomAaThcA MCKYIMEHHWI0 HONACTh B JOBYMKY, KOTOpasg B 3TOM pas-
eJie COCTABHJA IpeaMeT Hamlero «COpIpm3ar.

3.3. Teopna Bo3myieHmit
ANA CTATHCTHYCCKOr0 PABHOBECHS

Xopomo m3BECTHO, 4TO BCe PaBHOBECHHE CBOMCTBA
CHCTEMH MOTYT OHITh BHIBEeHH H3 CTATHCTHYECKOH CyM-
MHu Z, ompefielernHoi panee fopmyioi (3.2.3):

Z=3exp(—BE,), B=1/ksT. (3.3.1)

Bo Muormx caysagx co6cTBenHble 3HadeHHs dHeprmm E,
TOYHO He M3BECTHH, a TAaMHJIBTOHEHAH HMeEeT BHJ

H=H,+ W, (3.3.2)

rae TOYHO HM3BECTHH TONbKO coOcTBeHHHe 3HaueHHs H.
Ecom W — pmocraTouno Masnas HONPABKa, MOKHO HAATH
cobcreennnie 3HaYeHAs H mpmOImKeHHO, MCIOJAB3yd pas-
N0KeHHe TEOPHH BO3MYINEeHWUi, mepBLe ABa YIeHa KOTOPOro
paworca Gopmyron

En=Eot W+ )

m#n

Woml®
; (3.3.3)

I
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IpH YCIOBHM, YTO BCe HEBO3MYIIEHHEE COGCTBEHHHE 3Ha-
9YeHHsS 9HEPTHH He BHIPOKAEHbI. VI3BecTHO Tarke, 9410 NI
OHICTPORl CXOTEMOCTH Psfa OGHYHO HEeo6XOXHMO, UTOGH

| W | <AE. (3.3.4)

ITO B OIpeNleeHHOM CMEICIe CHMBOJIHYECKOE yCI0OBHe. SHa-
wenue | W | ects HeKkoTopas ynoGHas mepa omeparopa W,
a AE — tunmuHOe 3HA4YEHHe PA3HOCTH HEBOSMYIIEHHHIX
ypoBEHeil sHeprud. TouHHIT mpefen NPEMEHEEMOCTH TEOPHE
BO3MYIIEHHR NOJKEH ONPENeNAThCA AIA KajKmoll samaum
au60 Ha OCHOBAHMH MATEMATHIECKOH aprymeHrammd, au6o
uyteM QUSHIECKHX PaCCYXKIeHHH.

B xawectse mmmoctpanmm paccMoTpmM cayuait, korga
ONUH MaTpu4YHH# diaementr W,,, OGoabue paccroarms
MEeJKIY 9HEPrusAMH HEeBO3MYIIEeHHHX YDOBHel, KOTOPHE OH
ceasniBaer. Torma m-it wien cymmu B (3.3.3) raxxe 60an-

me, aem Eo — E5, M, eclId He NPOHCXOMHT KaKuX-IH60
COKpaumeHu#l, n-e co6crBeHHOe 3HaYeHHe GymeT CABEHYTO
Ha HEKOTOPYI BeNHYHMHY, NPEBHIIAIINYI0 HCXOTHOE pac-
CTOAHAE MEKIY YPOBHAMH. ITO, CIEHOBATEIHHO, 03HAUAET
CYIIeCTBeHHE e H3MEHEHNA B PACHOJO)KeHHH YypOBHeil, UTO
CKaskercs Ha WwieHaX Oosee BHICOKOrO mOpATKA.

Ecnm MH momycKaeM BO3MOKHOCTh DPa3OKeHHA B PN
TEOPHH BO3MYMEHNi, TO MOKHO IOACTABATH BO3MYIIEHHEIe
coOCTBeHHEe 3HAUYGHHA SHEPIHH B BHpaskeHme (3.3.1) mus
CTATHCTHYECKON CYMMH M HeperpyninupoBaTh WIEHH B COOT-
BETCTBHHE CO cremeHAME W, Kotoprie oHm comep:xat. Iloce
HECJIOKHHX alre6pamvecKux BLIYUCIEHHA ¢ TOTHOCTHIO I
YJ€HOB BTOPOTO HOPAMKA HAXOTUM 3

Z= Y exp(—BE)— 3 exp (— BE) W, —

n

2 exp (— BEY) — exp (— BEY)

_8
2 -5,

[ Wom 2+ ... (3.3.5)

n,m

B mocmenneir cymme cmaraeMsie ¢ n = m He HCKIIOYeHH,
TAK KaK BTH cjlaraeMble — IPOCTO BKJIAJ B KBaJpaTHYHEIH
YiIeH OT H3MEHEHHA DHePrdd IepBOro mopAmKa.

Mu 3HaeM — ¥ 9TO HPHATHHE CIOPOPH3,— YTO, B OT-
Jd9Me OT BO3SMYIMEHHOH »HEpPruH, gasaemMoit Qopmyroi
(3.3.3), BoaMymeHHAasA CTaTHCTHUECKAS CyMMa He UyBCTBH-

TeIbHA K MAJHM pasHocTAM sHepruit. Ecam Eb Mano or-
nmgaerca or Ep, T0 MaaHHA 3HaMeHATENb KOMHIEeHCHDPYeTca
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MaJIoil Pa3sHOCTHI0 GOJNBIMAHOBCKAX MHOKHTeJed B YHCIH-
Tele.

Jlerko mccaemoBaTh ClefyHOmuil 4wieH paga U yoequTs-
cs, 4TO0 OH BefleT ceGa aHagormuHKM oGpasom. B atom
MecTe NpefCTaBJAeTcd BO3MOKHBIM BHIBUHYTH HPEAHOJIO-
JKeHHe; UTO JJIA XOpOolleil CXOTMMOCTH Da3joyKeHHA CTaTH-
CTHYECKOl CYyMMH B PS[ TeOpUHM BO3MYyIieHmi He 06a3a-
TeJBHO BHIOJHeHHe ycaoBusa (3.3.4), a ZOCTATOYHO BHIIOJ-
HeHAA YCJIOBHA

|W | <ksT, (3.3.6)

H 9Ta JorajKa OKasHBAeTCH NefCTBATEIBHO DPAaBHIbHOM,
C ¢umamuecKoit TOYKE 3peHHS, Aea0 B TOM, aTo W cMemaer
Kajkmoe coGcTBeHHOe 3HAYeHMe SHEPrHH Ha BEIHYHHY IO-
panka | W | . Ecam ator casur 6oblne pacCTOAHAS MEKIY
YPOBHAMH, TO HaXOKAeHHe TOYHOT'O PACIOJOKeHHA YPOB-
Heil ABaAeTcA TPYRHOH 3agaveir. OxHAKO ecid CABUT MEHB-
we kg T, T0 OH HecyIleCTBeHHO H3MeHseT 3HaUeHHe GOIBI-
MAaHOBCKOIO MHOMKHTEIA W, ClAefoBaTelbHO, HeT HeOOXonH-
MOCTH TPABHJIBHO 3HATH TOYHOE PACIOJOKeHHe YDPOBHEH.

HaMeuenHass 30ech B O0mMUX YepTax aprymMeHTamus He
paBHO3HAYHA CTPOTOMY YTBEDKIEHHUIO O CXOXMMOCTH PANAa;
TaKoe ycioBue He jJerde cQopMyampoBaTh, 4eM BHIIHCATH
1IpOCTOe YCHOBHE CXOXMMOCTH PAAA IJIA CoOCTBEHHHIX 3HA-
wennit sHeprmii. J10, BO BCAKOM ciayuae, morpebyer Go-
nee moxpo6HOTO ompeneneHms sexmumHE | W |, Bxops-
meit B yeaosua (3.3.4) mam (3.3.6).

Mcropmueckaa cmpaska. Brnepsrie aBTOp HATONKHYJNCA HA JTOT
OpUATHHE COPHpU3 NP M3yIeHAM [UAMArHETH3Ma 3JIEKTPOHOB
oposogumocTa *). Torpa Ha NepBHIA B3IJIAN IHOKA3aJI0Ch, ITO CBoO#-
CTBAa, BHYHCJIEHHK? 0O MAHCKPeTHHM YPOBHAM IIPH IBUKEHAH
BJeKTPOHA B IJIOCKOCTH, NEePHeHAMKYJIAPHOW MArHUTHOMY IIOJIO,
3HAYUTENHHO M3MEHATCA, ©CJIUM PasMHTHe YPOBHEH M3-33 CTOJKHO-
peHmit ¢ (OHOHAME M IPHMECAM M IIPEBOCXOJHUT Majioe PaccTOsIHHe
MEKIy MATHATHEIME YPOBHAMH.

3.4. MuauMaabHOCTD CBOOOAHOI DHeprau

Cra6uapHOCTD CTATHCTHYECKOM CyMMBI, KOoTOpas 06Ccys k-
majach B NpeAHAYIIeM pasgeie, OPOABIAETCA B MHHHA-
MAJBHOCTH CBOGONHON dHeprum. Y HAac ysKe GBI TMOBOR
VIOMAHYTh BapHAUMOHHEH IPUENAO JJAA OCHOBHOTO CO-
CTOSHWA KBAHTOBOM cmcreMH. [[1A Kaykaoro Bo30yKieH-
HOTO COCTOAHWA B OTAEeIBHOCTH He CYIIECTBYeT B PaBHOM

*) Peierls R.// Z. Physik.—1933.— Bd 80.— S. 763,
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cTemeHu yjo6HOro OrpaHmdeHEs (Xors B CHENYIOIeM pas-
AeJle Mbl MO3HAKOMUMCA C 09eHb y0GHEIM COOTHOLIEHUEM),
HO ONATH CHPABE[IMBO YTBEP:JAEHHE, UTO u3MeHeHHe,
KOTOpOe MOBHLIAET OAWH YPOBEHB, CTPEMUTCH MMOHHU3UTH
OCTAJIbHEIG, TAK UTO CTATHCTHYECKAA CyMMa H, clenoBa-
TeJIbHO, CBOOO/IHAA 9HEPTUA NPOABAAIOT 00abmy0 CTAGHIE-
HOCTb.

9T0 CBOMCTBO MOKHO chpopmymupoBats CJIeAyIommuM
o6pasom. Ilycrs u,, uy, ug, . .. — Rabop OpTOTOHAXBHEIX
4 HOPMHPOBAHIBIX GyHKInii (HeoGA3aTe bHO TONHBI Ha-
6op), a

Hyp = unlH|uyy (3.4.1)

—— COOTBeTCTBYIOINMI AWATOHANBHEIA DJIEMEHT TaMHAIbTO-
mmana. Torma cymma

Z = Y exp (— BH,,), (3.4.2)

Koropas OHJA OB CTaTHCTHYECKOI cymmoit, ecam 6 H,,
OLIE IPaBHALHBIME COGCTBEHHKIMT SHAYCHHUAMH, HE Ipe-
BHIITAET MCTHHHOM CTATHCTHYECKOIL CYMMEIL:

2 < z; (3.4.3)

HO3TOMY «CBOGOTHAA 3HEPrHA», PACCUMTAHHAH 0O Z, me
MEeHbIIe MCTEHHOU CBOGOAHOW 9Heprum:

F=—ksTInZ>—ksTInZ—F. (3.4.4)

B o6omx mocmemmmx coorHOmeHusmX PaBeHCTBO /IOCTHTa-
eTCA, TONBKO ecam Habop PymEKmumii U, COCTOHT H3 BCeX
COOCTBEHHKX (QYHKUMH rammasrommama K.

ITOT Pe3yNBTAT BHepPBHE GHLI OpHBE/IEH aBTOPOM *).
Bynem caegosats cuocoGy /I0Ka3aTeabCTBA, CXEeMATHICCKH
U3II0}KEHHOMY B 9TO#l CTaThe, XOTA Temeph B apTepaType
uMeloTcsa u 0ojlee MBAIIHHEIE TOKAa3aTeIbCTBA.

Mu xotum IOKas3aThk, 4T0 Habop QyHKUmi, nug KoTo-
poro Z umeer MaKCUMyM, oJsxeH GhTh Ha6opoM CoGCTBeH-
HHX QYHKOWHA TraMuJIbTOHmAHA. Anpuopu, opmako, me
O9EBYNHO, 4TO TaKoit Habop QymKummii CyIlecTByer, Tak
KaK He O0YeBH/IHO, YTO Z OrpaHHYEHO csepxy. llostomy
MEIL HAYHEM C PacCMOTPeHUA Zy — CYMME mepBHX N wie-
HOB. JTa BEIMUYNHA, HECOMHEHHO, MMEeT BEePXHIOIO FPAHAILY
N exp (—BE,), rne E, — naumenbiee coOcTBeHHOE 3HA-
UeHue omeparTopa H, Tak Kak HE OJHO W3 3HAYEHmIL H,,

*) Peierls R.// Phys. Rev.—1934.— V. 54._ p. 918.
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He MoOeT OHTh MeHbme £FE;. (Iey0oBaTelbHO, NOJIKEH
cymecTBoBaTh HabOop u3 N ¢QyHKODU#A u,, Ha KOTOPOM
mocTuraercs MakcEmMyM Zy. IlokakeMm, 4To 3TO JOJKHE
OuHTH cobGcTBenHble QyHKIua H, a Torma, O4eBHJHO, OHE
JOJLKHBE OnTh mepshiMu N PyHKODUAMuU, TaK KaK 3aMeHa
KaKoi-1160 3 HuX QyHKIueR ¢ 6oiee BHICOKIM HOMEPOM
HOBHIIAeT COOTBETCTBYIONIYIO DHEPTHI0 B yMeHbmaer Zy.

Mu Bcerma MojkeM paccMaTPUBaThH U, Kak nepsuie N
QyHKIMEA MOAHOTO OpTOHOpMEpOBaHHOTO HaGopa. Ecam
OHH He ABIAITCHA coGcTBeHHEIMEH QyEKuusamm H, To Xo0-
TA OH JJ1A OGHOM M3 HUX, CKAKeM A Uy, HOJKEH CYIIecT-
BOBAaTh IO KpaiiHeil Mepe ONMH HENCUE3AIIMHUHA HeaUaro-
HAJTBAKHA 3JieMeHT, cKaskeM H,,, rae n < N, a m momxer
KaK IpeBHINaTh, Tak u He mpessnmats N. Ecam m >> N,
MOKHO 3aMEHHUTh U, HA U, -+ AMiy,, TOe A GECKOHETHO MaJo.
Takaa samena, He 3aTparuBas [gPYTdX NTHATOHAJIBHHEIX
3JleMeHTOB, NPUBOJUT B JIHHEHHOM IO A HPHOIMIKEHAH
K mameHeHuw H,, na M, + A*H,,,. [logxonsamumm BeGO-
poM sHauenua PasH A 3Ta BeaIMInHA MOKeT OHTH c/leJaHa
OTPHIATENbHO, TaK uTo H,, yMeHbIIHTCH, a Z y BO3PACTeT.
B stoMm cayuae HaGop QyHKIMi U, He obecieanBaeT MaKCH-
MyMa CyMMH TepBHX N wienos Zy.

C npyroii CTOPOHH, €CIX M COOTBETCTBYeT OJHOM H3
mepseix N QYHKUuiT, TO B 9TOM CIydae MOKHO 3aMEHHTH
Up B Uy, HA

Up + My, Uy — A*u,, (3.4.9)
COXPaHAA OPTOHOPMUPOBAHHOCTE € TOYHOCTBIO [0 IEPBOTO

mopAnKa o A; mo-mpe)KkHeMYy, A — 6eCKOHEYHO Mallafd Be-
mnumna. lIpu orom H,, u H,,, nepexondr B

H,, + A, Hpm— A, (3.4.6)
rae

A = MHpy + A Hy,. : (3.4.7)
(CymMa fiByX AmaroHaJIbHHIX 3J6€MEHTOB TaMUJIbTOHHAHA,

KaK H JOJUKHO OHITh, He MeHsaercsa.) CiregosaTenbHO, B mep-
BOM TpuOIMKennn Zy H3MEHAOTCS HA BOIHIAHY

—BA [exp (—PBHpp) — exp (—BHpm)]- (3.4.8)

Ecnu gBa nmaroHaidbHHX 3JeMEHTa IaMHJIbBTOHHAHA Pas-
JUYEH, TO 3HAYeHHEe B KBAJPATHHIX CKOOKAX OTIMIAeTCHd
OT HYJIf; CIef0BATeNbHO, IPK COOTBETCTBYIOmEM 3HAKe A
Bce BHpaskenme (3.4.8) MoskeT GHTH CHETAaHO HONOKHTENb~
HEIM, 49TO B coorsercTBmE ¢ (3.4.7) mocruraercss mogb6opoM
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nopxonameit dpass A. B arom cayuae maBop dymrmuit u,
TaK;Ke He ofecrmeymBaeT MAaKCUMYyMa CyMMBI mepBeix N
wrenos Zy.

Ocrancs caywait H,, = H,,n,. Ilonpaska mepsoro mo-
pAnka kK Zy Temeph paBHa HYyJIO, HYKHO paccMoTpeTh
41en Broporo mopsagka. Ho m ¢ Towmocteio o uwienos
BTOporo mopsajaka uamenenns H,, w H,, pasus mo a6co-
JIOTHOMY 3HA4YE€HWI0O M NPOTHBOIOJIONYIL 110 3HAKY, TaK
KaK IONPaBKa K UX CyMMe ecTh M3MEHEHWe CJIe/[a MaTPH I[Hl
2 X2 npm yauraproM npeoOpasoBaHNuU, M, CIE{OBATENb-
HO, NONIpPAaBKa K Zy BTOPOTO TOPA[KA MMEET BUJ

1 Az[‘dzexp (— BE) n d?exp (— BE) l ] .

2 dE? M. dE? Hym
= [P?A%exp (— PH,,). (3.4.9)
JTa BeJMYMHA BCET/a MOJOKUTETbHA.

Orcroma BEITeKaer, uYTo HeT cayuaes, Korja Habop
QYHKIUA U, MOMKeT 0GecHeInTb MaKCUMyM Zy, ecin
TOJTBKO OHHM He ABJIAITCA COOCTBEHHHIMHM (QYHKINAMH Ta-
MuiabTOHmaHa H.

Mu nokasamm teopemy pmis m060ro KOHEYHOTO N,
SHAYMT, OHA NOJKHA MMETh MECTO M B Ipejiele GeCKOHeU-
Horo N. Ecam oHa compasenmuBa Jis HOMHOTO OPTOHOP-
MHPOBAaHHOTO HA(Opa, TO 3aBeJOMO CIpABeINBA U A
HEKOTOPOTro HeNOJHOTo Habopa, TaK Kak MOCIeHAH MOKeT
OBITH IPEBPAINEH B IOJHBIH Habop mobaBieHUEM CIENYIONUX
dyEKIm#, mpuBomAmMX K IOIIONHUTENBHOMY yBeJuye-
U Z.

HoxasatenscTBO GELIO IPOBENEHO A GO BIMAHOBCKO-
ro pacnpesienenus exp (—BE), no B Toii e mepe oHO
CupasefauBo aasA M060# yHKumuU ¢ oTpUIaTeIbHOl nep-
BOil W IOJOKUTEIbHOH BTOPOH MPOMBEOLHEIMI. Mosromy
9Ta TeopeMa TaK;Ke MOKeT OHTh HCIOJAH30BaHA NPH pac-
CMOTDeHHH CBOGOMHOH HHEPIHH CHCTEeMHl HEB3AHMOLEHCT-
BylOmuXx 6030HOB M7 ePMAOHOB B TEPMUHAX OHOUACTHY-
HOTO TaMHJIBTOHHAHA.

IIpakrmueckoe memomb3oBamme HTOro CBOFCTBA MHUHH-
MaJIbBOCTH CBOOOJHOH DHEPrHM OTPAHMYCHO TEM, UTO B
OPHIOKEHUAX OORTHO MMEIOT /1eJ0 160 ¢ IPOU3BOLHEMHE
cBOOOAHO dHEpruyE mO mapamerpaM, am6o ¢ PasHOCTAME
CBOGONHKIX DHEPIHil, NI KOTOPHX He CYI[eCTBYer HEpa-
BeHCTB obmero xapakrepa. OQHAKO ero MOMKHO MCIIOJIB30-
BaTh ¥ s BHGOpa HamIydmiero cemeitctea HaGopoB npo6-
HHX QYHKNHA, MUHUMABADPYSA CBOGOTHYIO 9HEePrui0 mof-
GopoM mapamMerpoB, ONMpeNeNSIONKMX pasIHIHEe Ha0OpH
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B paMKaxX JQHHOTO ceMeficTBa, TOYHO TaK ’Ke, KaK HacT
HACIOB3YIT CBOMCTBO MHHIMAJIBHOCTH OCHOBHOTO cocmm{ﬁ
HUs, ABJIAIIeecsH MPEeJeJbHNM cIydaeM AaHHOU Teopemx}%é

opu HYJIeBON TeMIepaType. b

3.5. Bapnanuonnslii nmpuHOAN
i nepseix N COCTOAHMIA

Ecau Hac mATEpecyeT He COCTOAHME CTATHCTUIECKOrQ:
paBHOBECHA, a PACIOJIOKeHNe OT/eJTbHBIX BO36}’H{1{6HHH£§§
ypoBHeil sHeprum, To 00CysKAaBIIASACA B IPE/BIYIIEM paa{fﬁ
fexe TeopeMa He o0ecreunBaeT pelIeHHA 3aJadd. Cymec'r-‘-"‘fi
ByeT OCHOBaHHOe Ha OOBIYHOM BapUAIMOHHOM npnnn;une:‘;é
HEepaBeHCTBO, KOTOpPOe YTBEP;KAaer, UTO OMIaeMoe 3na4;'§
qeHune e

(D H | D <
<E>—W (3.5.1 i

He MO;KeT JeKaTh HmKe n-ro cobcrBenHOro 3Hauenns E,,’
ecan mpobHaa ¢yEknuma @ oproroHasbHa HEPBHEIM N — 1:
coOCTBeHHEIM (YHKIUAM: o5

(E> > E,,ecan {Pm| ®) = 0, m = 1,2,..,n—1
(3.5.2)¢

]

OG6EIYEO HTO HEPABEHCTBO HE MOjKeT GHTH ncnonssona’é}%
HO, eCJE He W3BeCTHH mepBhie n — 1 coGCTBeHHBIE PyHK=]
nud. 3aMeHA MCTHHHEIX COGCTBEHHHIX QYHKOUA Pm npu-:
GAMyKeHHKIMY, HalpEMep, HONYYeHHHMH BapHALMOHHEIM,
METOJOM, MOKeT MPHBECTH K CYI[eCTBEHHOM omuGbKe.:
BasKHEIM MCKIIOYeHUeM ABJIAETCH CAydail IraMUIbTOHMAHA,.
06/1aj{al0Mero M3BeCTHON CHMMeTpHell, ¥ MHl WIleM Hau-
HE3IIee COCTOAHWMEe JAAHHOTO IIPEJCTaBIGHHA TOH jKe CHM3
merpun. Tak Kak QYHKIUN Pa3HOR CHUMMETPHN aBTOMATHIO-
CKH OPTOTOHAJIBHEI, TO BHIOOP IMPAaBAIBHBIX CBOHCTB CHM-
merpum s @ obecmeunt OPTOrOHATBHOCT, TpebyeMyI
B (3.5.2).

Bouee yo6Hbli IyTH OIpe/iefeHAs MON0KeHNA HIKHAX
rpaBmN, BO30Y/KISHHEIX YPOBHe# YKashiBaer Ciefylomas

xR

teopeMa. Ilycts 4y, Uy, . . ., UN — HabOOp OPTOHOPMEPO-
BaHHHX (QYHKIUH u
Hpm = <up | H | ump (3.5.3)

— MaTpHUHBIA DIeMeHT raMHJIBTOHMAHA, IOCTPOCHHKIA HA
arnx pysknuax. I[Iycrs W, ects mocieosaTeapro ymopa-
J0UeHHEe COOCTBEHHIe BHAUEHHA OIPE/IeNeHHOH TAKHM
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obpasom mMarpuius N X N:
WKW <W;<... < Wh.

Torpa kammoe W, cayKuT BepXHedl rpaHUIEd RAf S-TO
coOCTBEHHOTO 3HAYeHUA MOJHOTO TaMUJIbTOHMAHA:

< Wy, Ey < W,, ..., Ex < Wy. (3.5.4)

CymiectBoBaHWEe DTOH TEOPEMEI, O KOTOPOHl aBTOpD He-
CKOJBKO JeT Hasaj ysHax ot jokropa J[. M. Bpunka,
ABUJOCH HeKuUM coprnpusoMm. Ee, KefdcTBHTENBHO, MOMKHO
HAliTM B MaTeMaTHYeCKO#W JHUTepaType, HO IPOCIeJUTHh 3a
XO[IOM JIOCTATOYHO CJOKHBIX [OKA3aTeJbCTB OKA3aJ0Ch
Heserko. IloaTomy eme ofEUM CIOprpu3oM ORIJIO OTKPHITHE,
9TO 3Ta TeopeMa MO;KeT OBITH JIOKa3aHa O4YeHb IIPOCTHIM
H IPO3PavHBIM CIOCOGOM.

Paccmorpnm cnauana cnyuait N = 2. Onpenenanm kBaj-
paTuuHyi0 GOPMY ABYX KOMIIEKCHBIX IeDeMeHHLIX ay, d,:

2 * LI
=( > Hnmanam) /( 3 anan) . (3.5.5)

n, m=1 n=1
OueBnpino, & paBHO OKHAaeMOMY 3HAUEHHWI0 TaMUJIbTOHUA-
Ha Ipu OpoOHON QYHKIUN

2
Q=N anun. (3.5.6)

n=1 :
Xopouo TaKike m3BecTHA aiarebpamdecKkas Teopema, YT-
BePIK/AIOas, 9TO 3HAYEHNSH, KOTOPHEE MOKeT HPHHAMATH
h npu mpOW3BOIBHOM BHIGODE a,, J€KAT B MHTepBAaJe

W, < h < W, (3.5.7)

B mepBymo ouepenp orciofia caegyer, 9T0 MOKHO Ha#dTH Ta-
Ky ¢ymrupuio @, Kotopas obecmeymna. Ob paBeHCTBO
pappupyemoit BeandusH (3.5.1) smauenmio Wy, u, B coor-
BeTCTBHHU ¢ OOLIYHEIM BapUAI[OHHKIM IPUHIAIOM, 3TO 3HA-
deAue MOMKHO ObITh 0OJIbIIe DHEPIHH OCHOBHOTO COCTOA-
uns E,. Taknm ob6pasom, mepBoe m3 HepaBeHCTB (3.5.4)
sPJIfETCH, [0 CYIIECTBY, MPOCTO BHIpa;KeHWeM OOBIYHOTO
BapUAIMONHOT0 IPUHIUIA.

Yro6r HaliTH BepXHIOW rpaHuAny aad F,, 3amerum, qT0
cpenu mpoGHHX PyHKImMA (3.5.6) MOKHO OTHICKAThL OfHY,
OPTOTOHAJBHYI CcOOCTBeHHOH (GYHKUUU OCHOBHOTO CO-
croannsa. B camMoMm fexe, ycioBuio

py | DY = ay y | upd + ay <y |uy =0, (3.5.8)
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HEeCOMHEHHO, MOYKHO Y/ OBJIETBOPUTH, mono0paB IOAXOAA-
mue, OJHOBPEMEHHO He paBHbIe HYJII0 KO3PPUIMEHTH a,
n a,. ITo 0606menEOMy Bapua@oEHOMY npuENAIy (3.5.2) -
OKMIaeMoe 3HadeHHE raMIJIbTOHHMAHA A 9Tod PYHKIIH
He MOKerT Jemath HisKe E, n, KpoMe TOro, BCIE/ICTBHE BEI-
moJHeHns HepaBeHcTBa (3.5.7), 0HO He MO)KeT IPEBOCXO-
nute W,. 9To nokassiBaer Hamy Teopemy mas N = 2.

Paccmorpnm, namee, caydait N = 3. Touno Takme ke
paccyskjennda, Kak jisa N = 2, cpady IOKa3mBaKT, 4TO
W, n W, aBisoTca BepXHEMH I'DAHUIIAMEA COOTBETCTBEHHO
nasa E, u E5, oHAKO s CPEHEro COCTOAHNA HOPaBEHCTBO
He CTOJb 04eBHAHO. UT0OHK JOKa3aTh ero CIpaBe/inBOCTh,
cresaeM yHHTapHoe mpeoGpasoBaHuWe (GYBKIMM U,, TaK
qr0o6rl nmaroHanmsoBath Mmarpuny H,,,. Takoe mpeoGpa-
30BaHUEe He WM3MeHAeT COGCTBeHHEIe 3HAUYeHHA MAaTPHUIHL.
B tepMunax HOBHIX QYHKUME &y, @y, 3 TaMAIBTOHAAH H
IuaroHajJeH I B KadeCTBe JUAarOHAJIBHEIX DJIeMEHTOB MMEeT
coGerBennnie 3Hagesna Wy, W,, W;. Teneps orbpachsa-
eM fi;, W y Hac octaercs Marpuma 2 X 2 ¢ cOGCTBOHHHMHA
spauenusmun W, n W,. 11 teopemn miis N = 2, KOTOpYIO
MHL yKe [0Kas3ajiym, yCTaHABINBaeM HeJloCTaiomee COOTHO-
nieHne:

E, < W,

Temepb ACHO, 9TO M0 WHAYKINA MO{HO IIPOBECTH JIOKa-
3aTeJbCTBO fJA a06oro N.

[IpakTUyecKoe NIPEMEHEHHWEe OTHX COOTHOIIGHWH IIO-
Ipe;KHEMY OrPaHHYeHO, TaK KaK JacTo Hac (oJblie HHTe-
PecyioT pasHOCTH DHEPIHil, OTHOCHTEIbHO KOTOPHIX JaHHAA
TeopeMa He jlaeT HEIOCPeJCTBeHHON MHGOpMANUH.

3.6. Bansanue TrpaHAYHBIX YCIOBHI

.

B craructudeckoit mMexaHuKe 00JBmMHNX OJHOPOXHHX
B IIPOCTPAHCTBE CHCTEM, TaKNX, KaK dJEeKTPOHBI B MeTall-
Jax uiIy KojeGaHnsA pelieTKH B KPHCTakJaxX M T. A., 9acCTO
yno6HO 3aMeHHUTH PeaibHEE GuanvecKne rpaHUIHEIE YCI0-
BIA, KOTOPHIE MOTYT OKAa3aThCA CJHOFKHBIMU U 1YBCTBHTEJNb-
UbIME K (DUBMYECKOMY COCTOSHHIO IOBepXHOCTH, Goiee
HPOCTHIMH — TAKUMH, KaK (U[AKJIUYeCKHe TPaHUYHEIE yC-
JOBHUA»

lp(x‘|‘L1,y,z)=‘P(x»y+L2,Z)=
=‘p(xvy1Z+L3)=\p(xvyvz)

IJIA OHOYACTHYHOH BOJNHOBOH QYHKIHME  HIH JTIOGOH
JpyTo#f BeJIWYMHEI, ONMCHIBAIOIIEA CHCTEMY. Nmersr neno
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C TakuMit rpanmdHMHA YeaoBusiMn ropasfio mpome — ofint
AA0T DpaBIIBHbIE CTATHCTHYECKHWE Beca IJIA Tejla C JId-
HeiHEIME padmepamu L,, L,, L,. Ecan B aroMBOM MacmiTa-
0t pasMepH Tesa 0YeHb BEJUKH, TO UHTYUTUBHO ACHO, YTO
npu pacduere 3aBHCAMMUX OT 00beMa BeJIMIMH TAKAN 3aMEHA
He MpuUBeJieT K CePhesHol omubKe.

JTO0 IpeRmooKeHNe WHOTHA TojBepraeTcsi COMHEHUIO,
IODTOMY I0JIe3HO B3HATH IIPOCTYI0 apryMeHTalmio, IMOJT-
BEP/KAIOMYI0 er0 W, KPOME TOT0, YKa3LIBAIONTYI0 T€ yCI0-
BHA, IPA KOTOPHIX MO3KeT GBITh OKa3aHO, YTO HTO MPHGIH-
JKeHne HeaJeKBaTHO.

Has onpemeneEnocTH mpuBemem apryMeHTamu s
CIydas OJHOYACTUYHOE COOCTBEHHOH (yHKIMH, HO npu
COOTBETCTBYIOINEM N3MEeHEeHW! 0003HA49eHMH HTAa apryMeH-
TalAsA B PABHOW CTeNeHW IPHMEHAMA M K JAPYTEM CHCTe-
MaM. [lasee, IpemoTOKAM, 4TO MAKPOCKOIMYECKH CHCTE-
Ma OJRHODPOJHA, CJIEO0BATENbHO, MACTHI(A NBUMKETCH auGO
B HEKOTOPOM LEPUOJMYECKOM IOTeHNualie, aubo B Hepe-
TyIApHOM LOTEHIMAaJNe, KOTOPHE B CpejHEM OJHOPOJIEH.

C ToukM 3peHHA CcTaTHCTHYECKOI MeXaHHNKHU, BejIndu-
HO#, B&KHOH JIJI 9TOM 3alaud, SABIAETCHA ILIOTHOCTH CO-
CTOSIHNM# C [IaHHOH dHeprueit, 3amaBaemas BHIpa)KeHUeM

p(E) =8 (E — Ey). (3.6.1)

Honnoe smanme ¢pynxmmm p (E) skpuBamentHO TOYHOMY
3HAHMIO BCeX COOCTBeHHHX 3Hauenmit. Mx pacnoJsokenue,
KOHEYHO, YYBCTBUTEIBHO K I'DAHMYHLIM YCIOBHAM.
Taxoit mogxox, ogEako, naer Goaee HeTaNbHYI0 HHPOP-
Manuo, 1eM HaM TPeGyercs, Tak Kak OPH pacdere CTATH-
CTHYECKOH CYMMBI MJIM JDYIUX DPaBHOBECHHX CBONCTB MEI
uMeeM [ieli0 ¢ MHTerpajaMi, B KOTOPHX INIOTHOCTH COCTOS-
HU#A yMHOKAaeTCs HAa QYHKIHIO 9HepPrud, 3aMeTHO MeHHIO-
MYyIOCA TOJBKO B MHTePBaJe oHepruit nopsanka kgT. Takum

06pa3soM, OCTATOYHO 3HATH YCPe[HEHHYI ILIOTHOCTD:
oo

p(E)= | D(s)p(E +5)ds. (3.6.2)
Ucnonwayemuiii npm ycpenmerun Becosoii MHOurenb [
ROJGKEH YHOBIETBOPATH YCJIOBUIO

(D(s)ds=1, (3.6.3)
a ero mupuHAa A fo/sKHA OBHITHL Maia B cpaBreHun ¢ kgT':
A=({D()sds)" <y (3.6.4)
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Ina Gonpmux cucreM B HHTEPBATE mupuHOE A MOMKeT 10-

MECTHTHCH BCe ke MHOro cOOCTBeHHHX 3HA4YCHWH. ;
Vi06HO IpeCTaBATh INIOTHOCTH COCTOAHHE € AaHHOH

pHeprueit B BHWje HPOCTPAHCTBEHHOr0 HMHTeTpaja:

o(E)=p @, E)d*r, (3.6.5)
rje
p(r, E)= _2131_ g G (v, r, t) exp (%) dt. (3.6.6)

3pecs G — ¢yaxuusa I'puna:
G(r, 7', t) =D u, (r)u, (") exp (—iEt/R),  (3.6.7)

BHpayKeHHAs depe3 cOGCTBeHHEbe QYHKIUH Uy, (1), oTBEYAI0-
mue coGCTBeHHKM 3HadeHusAM oHeprun E,. Jlerko Buperd,
aro Bupacenue uas p (E) sxsuaientso (3.6.1). Mu BBe-
am ¢pynknumio ['puHa, TaKk KaKk OHA K TOMY JKe OIpefelsaer
9BOJIONAIO BOJHOBOA QYHKIMH BO BpeMeHH:

p(r, )= G @ 7, D, 0)dr. (3.6.8)

VcpeHeRne ¢ BeCOBEM MHOkHTeNeM [, KOTOpOe MOKeT
GHTH IpPOBeJeHO TAKKe H JUIA JOKAXBHOHM IIOTHOCTH
COCTOSAHMI, IPABOAUT K PaBEHCTBY

pr B)=--\ D ds (G, tyexp (LI ar—
= SG(r, r, )1 (t) exp (_‘f—t) dt, (3.6.9).

i
F) =5 S D (s)exp (L;;—) ds’ (3.6.10

ects Qypse-o6pas D (s). Hauee, Tak rax D — niaBHAA
_ BecoBas QYHKIUA MEPHHOA A, To ee fyppe-o0pas HoIKeH
GBITH 3aMETHO OTJIHYEH OT HYJS TOJBKO JJf BpeMeH

v = B/A. (3.6.11)

D10 MOKA3HIBAET, UTO JOKAMBHAS INIOTHOCT COCTOAHMUIA, 3a-
naBaemas BepaskeEmeM (3.6.9), ompenensiercs 3EaYSHAAME-
3aBHCANEH OT BpeMeHH QYHKnuH I'pmHA TOJNBKO JJaA Bpe-
MeH, MeHBIIHX T. Eciu 7 — TouKa, HaXoAAmascsa Ha pac-
croaauu R or Gam:kafmei#l mOBepXHOCTH, UV — THIHYHAA
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CKOPOCTb PacupoCTPaHeHHS B paccMaTpMBaeMo#l cmcreMme,
TO BIHAHNE U3MeHEeHNS QYHKIMU Y B TOUKe 7 Ha ee 3HAYCHNe
B HEKOTODHI#A IOCIHe YOI MOMEHT BPeMeHH { MOKET 3a-
BHCETh OT XapaKTepa IOBEPXHOCTH, TOJBKO €CIH DTOTO
BPeMeHH [I0CTATOYHO JJfA PACIPOCTPAHEHHA BO3MYIIEHHSA
H3 7 K MOBEPXHOCTH U 06paTHO, T. €. eenm ¢ > 2R/v. Ot-
CI0Jla BEITEKAeT, 4TO JIOKaJbHAA IIOTHOCTS O (#, E) Momxer
ObITH YYBCTBUTENbHA K HCIOIb3YEMBIM TPAHHYHBIM YCIO-
BHAM TOJIBKO BHYTPH CJIOA TOJINUHH vT/2 BOAU3U rPaHUIH
paccmarpuBaemoir o6nactu. Ecam sta TonmmmEa wmana
B CPaBHEHNH C IWHeHHHMHO pasMepaMd CHCTEMH, TO MO-
IPaBKa, KaK U IOJOMEHO JJA MOBEPXHOCTHHX 3PPeKToB,
Majla ¥ OPONOPHMOHAJIBHA IUIOMAAU IOBEPXHOCTH.

[ockonbry muEpnHEA BECOBOTO MHOMKHTENA A OrpaHmYe-
Ha TOAbKO yciosmeM (3.6.4) n momxua GuTh Menbme kpT',
eAMHCTBeHHOe OrPaHMYeHNe HA BPeMA T cle[ylomee: 0HO
MO0JKHO 6biTh 66mbmmyM 2/kp T . IIpn KoMHaTHO#M TeMmepary-
pe aror npenien mopagka 2-10714 ¢. Ilas snekTponoB B Me-
TalIaX THNUYHBIM 3HAUeHHeM U GyJer CKOPOCTh 3JeKTpPo-
HOB ¢ (epMHeBCKO#l dHeprueil, KOTOpasg — MOPALKA
108 em/c. Ito osmauaer, 9To R M0KHA GHITH BEIHKO TONb-
KO B CPaBHEeHHHM C BejqnmumHO#X mopsaka 2-107% cM, Koto-
pas i GoNBITMACTBA IPAKTHIECKAX 3a/[ad IPeHeGPeKIMO
Maza. [lna KoneGaHmit penieTku XapaKTepHAH CKOPOCTh —
CKOPOCTh 3BYKa, KoTopasa o0baHo mpubausurensro 10° cm/c,
410 enle Gonblre yMeHbIIaeT OrpaHMYeRne, HAKIAJEBAEMOe
Ha R. Msi MoskeM GHITH yBepeHsl, uTo B JMI0GOH cHCTeMe HH-
KaKoe BO3[eMCTBHe HE MOKeT PAacIpPOCTPAHATHCH OHCTpee
CBeTa, TaK 4TO IPU KOMHATHHIX TeMIepaTypax mpejie
pinsa R me Goabme, gem 6-107% cm.

s oueHb MaleHBKHX CHCTeM, 0COOSHHO IIPH HUBKAX
TeMIepaTypax, IOIpaBKa, 06s3aHHAA IOBEPXHOCTH, MOKET
mepecTaTh OHITh HpeHeOPeKMMO MaJO#; B TAKOM ciaydae
IONXOM, KPAaTKO M3JOKeHHHIA BHIIE, MOKET IOMOYbH OIIO-
3HATH CHTYalyH, JJs KOTOPHX OHA CYMIeCTBOHHA.

YIUBATENBHEIM aCIeKTOM 3TOH HpOGIeMbl I MeHS
OKa3aJI0Ch, BO-TIEPBHIX, TO, YTO HEKOTOPHIX BHITAIOMEXCH
¢pusuroB mpmiLIOCh yGEKAATH B TOM, 9TO HA PaBHOBECHEE
CBOMCTBA GOJIBIIMX CHCTEM He BJMSAET MCIOJb30BAHWE He-
PeaTHCTUYeCKNX TPaHMYHBIX YyciaoBuit. J[omommmTenbHEIM
Clopupu3oM GHLIO YBH/IETh, KaK JErKO IOJYYATh ACHOe Pu-
8MYECKOe JI0Ka3aTeJbCTBO TOTO yTBep:KjieHus. [Ipupepen-
Hafg Ha 9THX CTPAHMIAX apryMmMeHTanus Omia omy6amKoBa-
Ha JBaK/IBI: HePBH# pa3, KOrfa OAAUHITOH MHOJBEPT COM-
HeRui O0BYHHA pe3ynbTaT B IPEMEHCHHN K PaBHOBECHO-
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My COCTOSHHIO PeIATHBHCTCKOTO rasa *), BTOpoil pas
(c moTHEIM TOKA3aTENBCTBOM) — JJA PENIeTOYHOH TemIoeM-
KocTh TBepinx Tex **) B cBaAsm ¢ Tem, aro Pamam ocma-
pHBaX BO3MOMKHOCTH HMCIOJH30BAHWS NIHUKJIMIECKHX TIpa-
HUYHHX YCJOBU@ B DTOH 3ajade.

3.7. Oupepenenne MOBEPXHOCTHOI DHepruu

O6cymnenne mpeIHIymel TeMH MOKA3KBAeT, 9TO AJIA
JA0CTAaTO4YHO GOJNBIIEX 00HEMOB MOBEPXHOCTHAA 3HEPrui —
JOKaJbHAs BeJMYAHA, KOTODYI MOKHO OIHCAaTh, pac-
cMaTpuBas  OTHEJBHO KayKIHHM 3JIeMeHT HOBePXHOCTH.
O6nuHEO pajuyc KPMBUBHE IOBEPXHOCTH MMeeT IOPAJOK
AUMHEAHHX PasMepoB CHCTEMH M, CJeJ0BaTeJbHO, BelHK
B CPaBHeHWH C TOJIIMHOA moBepxHOCTH. Torja KasKABd
9JleMeHT HOBOPXHOCTH MOKHO PacCMaTpHBATh KaK ILIOC-
KU ¥ IPUONCATHh MYy TY Ke I0BePXHOCTHYIO DHEPTHI0 Ha
eIMHANY ILIOMAJA, 9TC ¥ OECKOHEYHOH IIOCKOH# IOBepX-
HOCTH, OrPAHMYMBAIOMEH IMOJYIPOCTPAHCTBO.

Taxoe mpn6amsKeHHe NCIOJB3YETCH, HAIpUMep, B TEO-
pum Anpa, rie AJas GoJBIIOro AfApa BKIAJ NOBePXHOCTHOR
9HEepPrad B HOJHYIO SHEPTUI0 MOKHO BHIEJINUTH, COTJIaCOBHI-
Bad TOJYIMOEpHYECKY dopMmyry ¢ maccamu sjep. Ta-
Kafd TeopusA IOBEPXHOCTHOH SHEDPrUW 3aBHCHT, KOHEYHO,
OT HOPEAIOJIOKeHHH OTHOCHTONbHO, HYKJIOH-HYKJIOHHOTO
B3aUMMOJeACTBMA W OT HPHOJIMKEHUs, HCIONB3YeMOro B
HYKJOHHOM 3ajaue MHorumx Teia. CaMsie mepBrie mpubGim-
JKeHNs CTPOMJIH, MCIOJB3Ys, BO-IEPBHX, «Xopomo ce6s
BefyIyl» CcHay 0e3 CHErYJIAPHOTO OTTAJIKHBATEJIbHOTO
KOpa, a BO-BTODHX, MOJieJib HeB3aMMOJIEHMCTBYIOIIAX dac-
tar. X0TA CeroJHA MH He CYATAaeM TaKue BHYNUCIEHNA pea-
IHCTMYECKMMHA, Ipu 00CY)KIeHNN WMEHHO Ha 3TOM yPOBHE
TOCTaBJEHHKE BOIpoC (OPMYJIHPOBAICA IPOCTO W FACHO!

OugeBupgHOE BO3pa’keHHe OTHOCHTEIHHO HPHBEJEHHHX
BHIIe COOOPa)keHHWH BEHITEKaeT M3 Toro ¢akra, 4To B KO-
HEeYHOM O006hbeMe COCTOAHNSA YaCTUN JECKPETHH W IOJHOe
pacmpe/e/ieHre YACTHI] €CTh CYyMMa IO STUM [UCKPETHHM
COCTOAHMAM, a He MHTEerpaJ IO HENPepPHBHOMY CIEKTDPY,
KaK BT0 MMeeT MecTo Juaa GeckoHeunoro o6vema. Ongo w3
pasnmuymil [UIA KOHEYHOro # GecKOHeYHOro 006HeMOB —
pasHmIa My cymMoii m maTerpasom. OxasnBaercs, aTa

. *) Peierls R.// Monthly Notices, R. Astron. Soc.—1936.—
V. 96.— P. 780.

*I) Peierls R, // Proc. Nat. Inst. India.—1954,— V. 20.—
P. 21. -
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PasHHMNA, OTHECeHHAs K 3HAYEHWI0 HWHTErpajia, HPOIOD-
OuOHAAbHA 0GpPAaTHOMY JMHeHHOMY pa3Mepy, mOLOGHO OT-
HOIIEHMI0 mOBepXHOCTH K o6bemy. Taxoe coobpamenme,
BL/IBUHYTOE BHePBEe, HACKOJbKO 5 3Ha10, PunGeprom *),
BEIBHIBAET HOAO3PEHHE, YTO BHMYHUCIEHHE NOBePXHOCTHOM
9Heprum — ropasjo Gosee cioKHag 3ajgada, 4eM Ipefi-
HOJIAaTaI0Ch, TAK KAaK HeJb3sA 00CYKIaTh pacHpeeleHme
KBaHTOBAHHHIX YPOBHeil DHepPruym, He OIpeJeIHB TOYHO
dopMy IOBEPXHOCTH, OrPaHMYMBAIOIIEH 0GBEM. Kpome To-
ro, cnenanHas PuHGeproM omenka TaKUX KBAHTOBHX B(h-
(exTOB HaBOAMNA HA MHICIB, 4TO HTa MOMPABKA T'OPA3No
Goxnpmie BMUMPAIECKOH HOBEPXHOCTHOH DHEPIHH.

IlosToMy npmaTHEIM ciopnpusom okasamach paGora
Cearenxoro **), KoTOpHI HOKa3a), 9T0 mpH KOPPEKTHOMH
TOCTAHOBKe 3aJlaill CBABAHHKE C KBAHTOBAHMEM UJIGHH
He BXOJIAT, ¥ OPOCTOe OpuGIMKeHAe, KOTOPOe KPaTKO OmA-
CaHO BHINE, MNOJHOCTHI0 cHpaBefauBo. YUTOOH HOHATH
9T0, PACCMOTPHM JJIA MPOCTOTH OXHOMEPHYIO 3ajlauy, mpe-
Hebperasg CIMHOM M W30TOOMYECKAM CIIHHOM.

PaccmorpuM N mpenTmumEHX QepMmonOB, c¢BOOOIHO
ABIKYIMUXCHA B OJ{HOMEPHOM (AIIIKe»

0< z< L. (3.7.1)

B sroM ciywae MoskHO o3kmIaTh, 4TO B npepesne GoabpmUX
N u L, Bo npn: KoHewHo# «wrotHOCTEY N/L, ruapmmit wien
B 9HEPIUE (aHAJNOTHUHHI 0GHeMHON sHeprmm) Gymer mpo-
nopnuorHaner N. Ciexyomumii wieH, COOTBeTCTBYIOI[mIt
(8 TpexmepHOM Cy4ae) HOBEPXHOCTHOMY WIEHY W SBIISAIO-
IAKACA 3/1eCh (KOHIOEBHIM 3ddexTom», He 3asucat ot N.
Iono6uEM e 06pasoM KWHETHYECKAsds W IOTEHIHANBHAS
9HePruM, PacCMOTPeHHEE OTHENBHO, OYAYT EMETh KajKias
FIaBHHE WieH, OPOMOPIHOHANbENKE N, B HeKOTOPYIO mo-
TPaBKY, CBA3aHHYI0 C KOHEYHHM pPasMePOM (AI[IKa», He
sasucamyio or N. Bosmoxno, Gyayr eme me mETepecyio-
mue HAC CHeAYIomue 4IeHH, KOTOPHE B Hmpejele BOLYT ce-
651, KaK oTpWmaTedBHEE cremen: NN.

Jlerxko OmeHMTH KWHETHYECKYIO DHEPIWIO B MPHGIHKE -
HOM HeB3amMoJelicTByomux uacrun. Co6CTBEeHHEIE BOJ-
HORHe (YHROUHA €CTh

Yp = (2/L)? sin (nnx/L), (3.7.2)

*) Feenberg E. /[ Phys. Rev.—1941.— V. 60.— P. 204.
p ;;)6 Swiatecki W. J, // Proc, Phys. Soc.—1981,— V, A64.—
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I7ie n — IieJI0e MOXOKUTeNbHOe Yncio. CocToAHusA oT n =
=1 no N Gymyr saHATH. JHEPrus n-TO COCTOAHNA eCTh
(h*/2m) (nn/L)?, a monmas KWHeTWYecKas dHEPrusA paBHA

&
o= (3 S = B (5 (4 E 4 )
- (3.7.3)

970 BEHIpasKeHWEe MOKHO 3aIMCATh B B/
BB (AY(E 4 bok). G
OTKYZia BHJHO, YTO OHO BefieT ce0s1, KaK U OJKUIAJI0Ch: BTO-
poii 4leH B KPYIIHX CKOOKax BHICTYIaeT B POJNHM KOHIE-

! Ve

e — — = DN =3 —_— — —

3.1. IImotHOCTH - YaCTHIY
(depMmorOB) B OmEHOMEp-
HOM  (fIMAKEe»

X

BOoro uieHa. Takoe mpefmosio;KeHme 03HAYAET, UTO Kayk-
AH# 73 KOHIOB (AIMUIKA» [JaeT BKJAL

1 h2n2 ( N )2

4 2m L)-

Opnnaxo He IPEHEEMANOCH BO BEUMAHHE IIOBOIeHAe ILIOT-
Hoctm dactunm. M3 BommoBmix ¢ymrmmit (3.7.2) merxo mo-
AYYUTh BHIPa;KEHME JJIfA IUNIOTHOCTH YaCTHIL:
N+1/2  sin[2%(N +1/2) z/L]

L 2L sin (nz/L) '

o (x)= (3.7.5)
Jdra GpyHKIMSA cCXeMaTHIeCKH H300paskera Ha puc. 3.1. Oma,
KOHEYHO, J[0J/KHA obpamaTses B Byab upn r = 0 man L,
TAaK KaK 3/eCh PaBHEL HYJI0 BCe BOJHOBbE (QyHKIHAH,
a BHYTPH 3TOTO MHTEPBAaJa, HAJEKO OT KOHIOB, ILIOTHOCTH
© (z) mouT: mocrosiEHA. 3HaYeHWe ITOH MOCTOSHHOM €CTh
(N 4+ 1/2)/L. 310 ecTecTBeHHO, TaK KAK OKOXO KajK[OTO
13 KOHI[OB ANMKA UMeeTCH IPAKTHYECKHA MYyCTOe NMPOCTPAH-
ctBo mupuHasl L/4AN. [[pyrumum cioBamMm, 06BeMHOR dacTH
paccMaTpuBaeMoro pacHpefiesieHNs COOTBETCTBYeT ILIOT-
Hocts (N + 1/2) /L. Tak kak B OfHOMEDPHOM ciydae K-
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HeTH4ecKas sHeprus N wacTui ¢ MIOTHOCTBIO, PaBHOH p,
MoeT OHITh mpejicTaBiiena kak (%2n%/6m) Np?, Bumno, uTO
yBeJIMUeHNE IIOTHOCTH NPUBOIUT K POCTY KUHETHIECKOM
oHepru® Ha Beamuuny A2n?N?%/6mL2, 9ro cocraBiser nBe
TPeTH OT BTOpPOro 4WwieHa B (3.7.4).

Torpma T0, 9TO OCTANOCH, WU OJHA TPETh KasKYIIETOCH
KOHIIEBOTO WIeHa, JO0/UKHO OHTh WCTUHHOH TIpaHWYHOR
DHEPrueii, ecIiu CPABHMBAIOTCH CUCTEMHL ¢ 3aJlaHHOA BHYT-
PeHHe#l HIOTHOCTHIO. JTO BHIPA)KEHHE NOKHO COBIAJATh
C pPe3yabTaToOM, KOTOPHIl MBI HOJIYYNM, PacCMaTPUBas OLUH
Kpail 6eCKOHEYHO [JJIMHHOTO OJ(HOMEPHOTO «AmmKa». UdTto-
OB IPOBEPHTH 9TO YTBEPIKIEHNUE, 3aMETHM, 9TO AJIA coOCT-
BEHHEIX BOJNHOBHX (QYHKOui (3.7.2) mIOTHOCTH KHHeTHYe-
CKOIl 9Heprum ecTh

h2 P ‘n2h2 . naz
t(x):Z(- 7,,;‘)%# = T2n2sm2——z—— .
n n

B cnysae L — oo MoxHO cymmMy sameHHTH [uHTerpamom;
TOT/Ia

K
t(z)= —,-i? S k?sin (kz) dk =
0
__R2K3 | 1 3 sin (2Kz) 6 cos (2K z) 6 sin (2K z)
~ T6m l_ T T 2Kz T T (2Ka)p + (2Kz)® ]’
(3.7.6)

k = nn/L, K = Nn/L.

Mu cpaBHEBaeM 3jieCh HOJNHYI0 KHHOTHYOCKYIO 9HEePTHIo
C TOHi, KoTopas GyjeT IPHE TOM jKe YHWCJe YaCTHI, ¢ IIOT-
HOCTBIO Py = IN/L, Korjla mjOTHOCTh KUHETHYECKOH 3Hep-
ran ecthb iy = (A2K?/6m) po. MomonnmrenpHEas KuHeTHUe-
CKas DHePruA PaBHA,

V[t@— 2 0(@) | do =", (3.7.7)

qTO0 COBHAfAeT ¢ A00aBOYHEIMH CJIATaeMHIMU JJA KAXKOTO
13 KOHIIOB PacCMaTPMBAeMOT0 MHTEPBAJa, KOTOPHE OCTa-
JHCH HOCJE ydYeTa M3MeHeHHA ILIOTHOCTH.

Pacuer pns TpexmepHOro caysas HeMHOTO [iuHEHee,
HO MPOBOJIUTCS OH TAaK ke U IPUBOJAT K TEM jKe Pe3yJIbTa-
TaM. ITO ONPAaBJHIBAeT pPacyeT NMOBEPXHOCTHOH DHEPrHH
MOCPEeACTBOM -PACCMOTPEHMA NONYGEeCKOHEUYHOH CHCTOMEL.
B nomonnenme kK KuHeTWUeCKo#l SHeprmm Hajm0, KOHEUHO,
y4eCTh BKIAJ HOTEHIWANbHOH JHEPrHH B IOBEPXHOCTHYIO
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sHepPrm. B Mopmennm HeB3amMONEACTBYIIIHMX 4aCTHI[, SB-
IAOmMeRcA OCHOBOH HAIUX PACCYKAEHHMA, 3TO MOKHO CHe-
lIaTh, 3HaA ONHOYACTHYHYIO BOJIHOBYI (YHKIHMIO M mapPHOE
B3aMMOieficTBHE.

Hanumune noBepxHOCTHON 9HEPIUHM, KOTOPAA TAKMKe AB-
lIfeTcd NPUYMHOH IOBEPXHOCTHOTO HATAKEHHS, IPHBEeT
K TOMY, 9TO IJIOTHOCTH BHYTPH Tella KOHEYHHX PasMepoB
Oynmer HeMHOTro GOJbIle, eM B mpefeiie 6eCKOHEYHO 6OJMB-
IIOTO TeJa; ¥ Ha MePBBIA B3TJIAML KayKeTCH, YTO 9TO mOTpPe6y-
€T BBe[IeHU S NOMOJHUTENHHEX monpaBoK. OgHAKO ecam MK
HCXOHMM M3 PaccMOTpeHusa GOJNBIIOrO Teja, HaXOAANMEerocs
B PaBHOBECHH, €I'0 IUIOTHOCTH Oy/eT To#, KOTOpasA MAHUMHA-
3HpPyeT 9HEePIuio; HO3TOMY BO3pacTaHWe DHEPIAH, BHI3BaH-
HOe MAJHM H3MeHeHMeM IIOTHOCTH, NIPONOPHHOHAJIBHO
KBa/paTy M3MeHeHHMA IJIOTHOCTH H, CI€[{0BATeJHbHO, KBaj-
pPaTy mOBEepXHOCTHOIO HATAyKeHUA. B namem npubnmxennn
3T0 mpeHeGpe;KMMO MaJjasd BeiddWHA. B apryMenTanan
CBATEKOro ydeT H3MEHEHUA ILNIOTHOCTH BayKeH H3-3a TOTO,
4YTO OH CBfAABAH C BKJAJOM IOBEPXHOCTH B KHHETHIECKYIO
9HePrui0. B OTHeNbHOCTH KMHEeTHYeCKAaA M MOTeHmHMATbHAA
9HEePTUH He JOCTHTal0T MAHMMYMOB IPHM PaBHOBECHOH 00b-
€MHOH IJIOTHOCTH.

Ecnz ¢ yuyeroM KBAaHTOBHIX COCTOAHHH PAaCCYATATH Off-
HOBPEMEeHHO W KHHETHYeCKYI0 W IOTeHI[MaJbHYI0 SHEePTHH,
TO U3MeHEeHHe INIOTHOCTH BHYTPEHHEH SHOPTHHE OTHOCHTEJ b-
HO 00'beMHOH 9HEPTHH, COKpAIaeTcA BIUIOTH [0 9JIEHOB
mopsaaka 1/N. Briag HOBePXHOCTH . B HOTOHLHAJIBHYIO
9HEPIrHIo HO/ICINTATh, ONHAKO, TPYAHEE, H HOITOMY co0Ias-
HHATEJBHO HNPEAIONOKHTE, 9TO OH OyAeT HOJOKATEILHEM,
TaK KaK OCHOBHO# 3)peKT 0T MOBEPXHOCTH COCTOHT B TOM,
9TO0 Y HEKOTOPHX YacTHI[ OTCYTCTBYIOT COCEH, a CJEeRO-
BaTeJIbHO, W BKJAJ B HPUTAKeHHE, 06YCIOBICHHHA 3TUMA
coceqaMu. Ecau GH 3T0 GBLIO TaK, TO BKJIAJ KHHETHYECKOH
9Heprum ObI OB HWKHell rpaHmiell AJIA MOJIHOH MOBEpX-
HOCTHO# »Heprum. 37ech, OXHAKO, «cpaGaTHBAeT» M3MEHE-
HEe BHYTPeHHeH IVIOTHOCTH: IPH PAaBHOBECHOH IJIOTHOCTH
KHHeTHYeCKasd 9JHEPrdsa ecTh Bo3pacraomad (QyHKIHA
maorHOCTH. TaK KaK IOJHAA DHEePIAA MMEeT MUHEMYM, IO-
TeHIMaJbHAA SHEPIUA C POCTOM HJIOTHOCTH yOHBaer (T. e.
craHoBuTcA Gosee orTpmmarenbHOit). CiaegoBarenbHO, HC-
IONB3YsA MOJEJNb, B KOTOPO BHYTPEHHAS ILIOTHOCTH BO3-
pacraer, MH DOJYYHM, 9YTO BKJAJ ODOTeHNAAJbHOH dHEPTHH
B IOBEPXHOCTHYIO OTPHI[aTeNeH; BKJIAJ KHHETHYECKOH
9Hepru: 6oJjiee He OTPAHMYMBACT CHH3Y 3HAUCHMO IOJHOM
IOBEPXHOCTHON DHEPrHUH.
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ITH COOOpaKeHHS WPOSCHANT MYThH OPaKTAYECKOTO
paciera MOBePXHOCTHOH# »Heprmum. Kcam wmcmompsyercs
npubiMKeRne HeB3aUMOMIeHCTBYIOLINX YacTUI, Hamo0 mo-
fo6paTh HOAXONANIYI0 MOAENb M COCTOSHHMIE 9aCTHIL
BOJIHM3M MOBEPXHOCTH IOJYGECKOHETHOrO o6bema, mpen-
HOYTATENBHO C IOMOIIBI0 COGCTBEHHHIX (YHKIHMHA MOLX0-
AAINEro IOTeHNWAja, a 3aTéM BHIYUCINTEH ILIOTHOCTH K-
HeTHYeCKOH YHEPIWHM W IOTeHIWAJ JBYXYACTHUHOrO B3a¥-
MopeiicTBisA B6man mosepxHocTu. B mpurnmme, mocie sTo-
I'0 Haf0 BapLUPOBATH BHIODAHHH IOTEHIMAJ, HOGHBAACE
MUHUMyMa HOBePXHOCTHOM »Hepruu. Hagvaapumi sTam
Pas3paloTKy| 3TO HPOrPaMMHE CONEPIKHTCH B cTaThe CBs-
TEIKOro, HAa KOTOPYIO MH yiKe cChlIaamch. B macrosmee
BpeMs AMEeTCA MHOI'O IIOJe3HHX HMCCJIENOBAHMHA, B KOTO-
PHX HE OTPaHMYMBAIOTCA NPHOIMKEHAEM HEeB3aMMOJeHCT-
BYIOIIAX YacCTHI[.

IIpomenypa pacuera, ¢ momomsio KOTOPO# MH j06m-
JHCh yCIeXa, BEPOATHO, ABIAETCS HMEHHO TOH, K KOTO-
Poit MuI GHl # o6paTHiamch, ecid GH He Pa3fgyMEIBaIH NOJTO
0 BO3MOKHBIX CJIO;KHOCTAX M clopupusax. Bamkasa ray6-
Ke, HO BCE elle HeJl0CTaTOYHO IIyGOKO B 9Ty 3ajady, mo-
PaKaembes HeO6XOMMOCTH PACCMAaTPHBATh PaCIpe/ieeHne
KBaHTOBAHHHIX ypOBHe#d osHeprumm. Tpebyerca pomos-
HUTeJNbHAsd HPOHHIATENbHOCTh, 4YTOOH O0CO3HATH: 6eCHo-
KOMCTBO HEOGOCHOBAHHO W HAMBHOE» NPHGIMKEHHe IOJI-
HocTbio ompasnano. Hecommenmo, sto ymEmkansmas cm-
Tyaiuasd.

3.8. HeoGparamocrs

Teneps mur 3afimemca ogHUM M3 camBIx dyHIaMeHTaNb-
HBIX BOHOPOCOB CTAaTUCTHYECKOH MEeXaHMKH, OTBET Ha KOTO-
PHIl W3BECTeH NaBHO, HO HEJOCTATOUHO fACEH ITAPOKOMY
KDYry (HU3MKOB, HO-BHIMMOMY, Nayke CErOfHA. DTO —
BOIPOC 06 MCTMHHOM NPOHMCXOMJEHHH HeoGpaTuMocTH B
CTaTHCTHYECKO MexaHHKe.

WsBectno, 4ro craTECTHuecKAas MeXaHMKA OCHOBLIBA-
eTCA Ha YPaBHEHMAX HBIOTOHOBCKON MEXAaHHKH M, TaM, IJe
3TO CYIIECTBEHHO, HAa MAKCBEJTOBCKEX YPaBHEHHAX A
9JIEKTPOMArHATHOrO moJifA. Bee aTm 3aKoHH 06paTHME BO
BPEMEHH B TOM CMBICJIE, UTO [ JI0GOr0 ABHKEHUA, ABIAIO-
IeTocs pelleHneM 9TUX YPaBHEHMHE HPH COOTBETCTB YIOMIX
9JIEKTPOMArHUTHHIX HOJAX, ABHKEHHe, IOJyIeHHOe obpa-
IieHneM HaIpaBJIeHUA BPEeMeHH, T. €. 3aMeHOi { Ha —t,
AABIACTCA TOMEe BOBMOKHBIM pemeHmeM. IIpm mocrpoenmn

- 81



3T0r0 OGPAIIEHHOTO MBMIKEHUA HAN0, KOHEYHO, M3MEHN1b
3HAK BCeX CKOpocTe#d M OZHOBPEMEHHO 3HAK MaTHHUTHOTO
noas. JlpyraMu c1oBaMd, B 3aKOHAX MeXaHHKH U 3JIEKTPO-
MarseTm3aMa He [eJaeTCd Pas3iuydd Me;KAY HPONLIkM B Oy-
ymmM.

Tem He MeHee MbI TaK)Ke 3HAaeM, YTO CTATHCTHYECKas
MeXaHHKa IPHUBOJAT K M3BECTHHIM BCEM 3aKOHAM TePMOJH-
HAMHKH, BKJ0Yadg BTOPO#l 3aKOH, KOTOPHI# yTBEpP;KAaer,
970 SHTpONuUA 060 M3011MPOBAHHON CHCTEMH HE MOKET
yOBIBaTh:

dS/dt = 0. (3.8.1)

KomeuHO, 5TOT 3aKOH HeCMMMeTPHYeH BO BPeMEHH: €CIHd
DOMeHATh MecTaMm Hpomiefmee u Oyaymee, sETpomus 0y-
HeT EMeTh TeH[eHIHI0 K yMeHblleHWio0. Hakum oGpasom H3
o6paTHMEIX ypaBHEHHH IIOJyuaeTcA ABHO HeoOpaTHMHA
pe3yabTat?

ABaJOrMYHKA CIOPIPU3 BCTPEIAeTCA TaKiKe H B KBaH-
TOBOH MexaHHKe. 3aBucsamee oT BpeMenn ypasuenme llIpe-
AMHETrepa, Urpalollee B 9TOM CIyiae POJb 3aKOHOB MEXaHHKH,
JI0IyCKaeT pelierne, B KOTOPOM BpeMsa 06paTaMo IPH YCI0-
BHH, YTO BOJHOBafA QYHKIHA P 3aMEHAETCA HA KOMILIEKC-
HO-CONPAKEHHYI0, 9TO COOTBETCTBYeT OOpDamIeHAI0 BCOX
cropocTeii. S3HIK KBAHTOBOH MeXaEHKH 0 HeO0X0AAMOCTH
cymecTBeHHO (ojee CJI0KeH, YeM ABHK KJIaccuiecKoid ¢m-
3pKH. B ¢BA3HM ¢ 3TEM MH orpaEmInIMcA 00CyKAeHAEM CIY-
dag HeoOpaTHMOCTH B KJIACCHYECKOH CTAaTHCTHIECKOH Me-
XaHMKe, B KOTOPOM SCHO BHJEH paccMaTpHBaeMBI mapa-
IOKC. . :

O6cynum THONYRYI0 HeoGparumylo caTyanmio. BospmeMm
Kamepy, pasfe]eHHYI0O Ha [Ba OTCeKa IePeropoxKoil ¢ coe:
IAHUATEJbHEM OKOIIKOM, KOTOpOe MOKeT OHTH 3aKPHITO HIIHA
oTKkphiTo. Brawame, B MoMeHT Bpemenm ¢ = (), KaBieHH®
rasa B 060X OTCEKaX PA3JMIHO: OfHH OTCEK COmepKut Ny,
a gpyroit N, MOJeKyJ OAHOrO m TOro ke rasza. Ecam Bce
ocTaJbHbE NEpPeMEHHEE INOMAEeP}KABAIOTCA IOCTOAHHEIMH,
SHTPONMIO, HOCTUTAIOIIYI0 MAaKCHMyMa IPH DaBHHX IJIOT-.
HOCTAX, MOYKHO MCIOJB30BaTh KaK Mepy paclpeneieHAs
raza mo orcexaM. ((DAaKTHYECKHM COOTHOLIEHHME TAaKOBO:
S = const — kg (N, In N; 4+ N,y In N,), HO oHO HaM HE
momafgoburca.) Ecim Temepp OneHHTH SHTPONMIO, HCHOONb-
3y 3aKOHB MEXaHHKHU IIPU COOTBETCTBYIOIMUX HPENIOI0~
JKeHHAX O HEeYNOPANOYeHHOCTH COCTOSHHMA B CTAaTHCTHYe-
CKOMl MeXaHMKe, TO MOJYIUTCA, B COrJAcHH CO BTOPHIM 3a-
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KOHOM TePMOJMHAMHUKY, PEe3yIbTAT, CXEMATHYOCKH MB0-
OpaKeHHH CIIOmMHAOH KpuBoOii Ha pume. 3.2.

B mekoropmix yweGEHEKax sroT IapafoKke OGBACHAIOT,
CCBLIAACh HA TO, YTO, TOIJ]a KAK MeXaHmKa NpencKasbBaeT
ABHHEHNE OTHENbHEIX YACTHI], B CTATHCTHIECKON MeXaHHK®
BO3MOJSHEI TOJNBKO BEPOATHOCTHHE YTBeDKIEHMWST O IOBE-

s Smaz

a ¢

3.2. BpemeHHasi 3aBHCHMOCTH SHTPONME s rasa B Pasgenennoi
Ha [1Ba OTCEKA KaMepe; B MOMEHT BPeMeHH ¢ = ( B oTCeKax 3aaHbI
PasumiEEe IIOTHOCTH. CINIONIEAsA KpWBasA — MCTHEEAS 3apmen.
MOCTb, IITPHXO0BAA — TANOTeTHYECKOE MOBEJEHAe B OponuIoM

ferun Gonbmux ancamGiei acrum. Dro BEePHO, HO He 005~
AICHACT, [I09eMY MCII0Ib30BAHNE TEOPHHA BEPOATHOCTH 7 CTa-
THCTAKY JIOJKHO CO3AATH PA3NAYMe MENKIY NPONMIIBIM 1
OynymmM, KOTOPOTO JI0 9TOTO He GBI,

Hcrunanit oreer coBcem Apyroi. IIpeamomorkmm, uro
HadunHaA ¢ MOMEHTa BPeMeHH ¢ = 0, KOIZla 4acTHIH Geco-
PANOYHO pacmpe/iesieHbl BEYTPH KaKIOT0 U3 OTCOKOB I IBH-
TaloTCsa B CAYYaMHBIX HANPABICHAAX, MBI CIENUM 3a Tpa-
CKTOPHSMA YACTAL He [JIA MOJOKATETbHKX 3HAYCHAN Bpe-
MeHH ¢, a A OTPHNATENBHHX, T. €. B npomyioMm. asa su-
TPOIIAH 5TO AT 3aBUCHMOCTD, H306DaKeHHYI0 ITPAXOBOM
KpuBOil Ha puc. 3.2 U ABAAIOMmMYy0OCH 8ePKaJbHLIM 0TO6pa-
JKEHHeM CIUIOLIHOW KPHBOH cmpasa. :

Bupno, 4To npm takmx Beumcmenmax CHMMETPHA OT-
HOCHTEJbHO 00paIeHns BPeMeHH OTHOCTHIO COXDaHAETCA.
Onmako ciiomnas kpusas CIpaBa OHHMCHIBAET IPAKTHYEC-
KH peanmsyiomyocs CATYyanuio M OITOMY JaeT OTBET Ha
PeaMCTUIHHI BOIPOC, TOTHA Kak KPHBasg CieBa TaKOBOI
He fBJAETCA. JTa KPHBAfg MOTJa O GHTH IpAMEeHMMa
K CIeAyIONIeil CATYallMM: YCIOBHEMCH, 4TO upm ¢ = 0 gac-
THIE B 3a[IJAHHOM KOJIAIECTBe PACIPEIENeHH 10 IBYM OT-
CeKaM, MX KOODAMHATH B KayKIOM M3 OTCEKOB CIyJalHHI,
a CROPOCTH HOMYMHAIOICA pacHpeneienmio Makcpeina —
Boasnmana. TapasTupyem, 4o 0 Momenta BDeMeHHU | =
= 0, mo KpaiiHeii Mepe B KOHEYHOM HHTEePBalle BDEMEHH OT
t = —Tnot =0, ue 65110 BEEeIIHETO BO3JEHCTBHAA, U pac-

83



cMoTpuM caryarnuio npa t = —T. OueBmaHO, TaKasA mOCTA-
HOBKA 3ajaud HeJONyCTHMA: e{MHCTBEHHHIA cmocob, Ko- -
TOPHIM MBI MOKEM IOBIHATH HA pacHpefeleHde MOJEKYH
npu t = 0 — Bo3medicTBOBaTh HA CHCTEMY /O 3TOrO0 MO-
MeHTa BpPeMeHMu.

Takum 06pa3oM, BUTHO, YTO ACHMMETDHA HMOABIAGTCH
He BCJENCTBHMEe 3aKOHOB, YIPAaBIAIINAX [BHKEHHEM, a

S
Smax
\:\\\
_—“Q:\V
SO \\\
\\\\
3
1/ t

3.3. To e caMoe, 9To O Ha puc. 3.2, HO AAA HeGOJBIIOro YHCIA MO-
NeKysd, TaK 9T0 (IYKTyamud He MAaJikl

GaarofapA IPaHAYHBIM YCJIOBHAM, KOTOPHE MHEl HAJaraem
JJA TOYHOTO OIpEeReJeHHS pPaccMaTPpHBAEMOrO BOIPOCA.
CrTyanuu, ¢ KOTOPHIME HMEIOT [[eJ0 Ha IPAaKTHKe, OMHCH-
BAIOTCA HAYAALHBMU YCIOBUIME, COOTBETCTBYIOMMUMA Ipa-
Boit acTm puc. 3.2. HoHeUHHM ycIOBEAM, KOTOPHE HOJIY-
galoTcA M3 HaYaJbHHX oGpamieHHeM BPeMeHH, COOTBETCT-
ByeT JeBaf 4acTh PHC. 3.2; HOCIeHee He MOKeT MMeTh OT-
HOIIEHHA K JedCTBUTEIBHOCTH. '

ITo cpaBHeHHMIO ¢ MaKPOCKOIMYECKOH cHTyamued, pac-
CMOTPEHHO# BHIIIE, TOJOKeHHe CYNEeCTBEHHO He MeHAeT-
Cf, eI MBI PacCMaTpUBaeM CHCTEMY C MAaJhHM YACIOM MO-
nexyn. B srom cayuae meabas mpeHeGperaTh QayKTyanma-
MY H I 3afaHHOrO cocTroanmsa upu ¢ = ( cmcreMa MOMKeT
pasBEBATHCA BO BPEMEHH HECKOJIbKAMM Da3JMIHBIMA Iy-
tame. Boamoxso, Hanpumep, yro npn N; << N, HeKoTopas
gacTh HeGOJBIIOro YHMCia MOJMEKYX B 1-M oTCeke oKaskercd
0KOJIO OKOIIKA W Ipoifer depe3 Hero. Torga 9MCI0 MOJe-
Kya N, eme Goxbme ymeHbmmTCHA, a N3 COOTBETCTBOHHO
YBeIHMIUTCH, TAK 4TO MBI CMOKeM Hal0miofaTh BPeMEHHO®
yMeHbIIeHERe sHTponmH. IIpaBas gacTh puc. 3.3 AILI0OCTPHA-
pyer HeCKOJbKO BOSMOKHHIX KDHBEIX, KOTODHE MOKHO
OKEIATh B 9TOM caydae. Hak mpaBmio, Kaxxgas oTeabHAA
KpHBasf, eClli ee IPOAOUKATh B OTPHIATENbHbIE BPEMEHA, -
He OyneT cHMMeTPHIHOH, HO ee 3ePKalIbHOe oro6pa’keHHe
OIMCHBAGT NIPYTOe CTQAb Ke BEPOATHOE MOBOEHHE CH-
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crembl. OnmATs TOMBKO IpaBas wacTh puc. 3.3 OpefcTaBIA-
eT BCTpPedaomuecs Ha NPaKTAKe CHTYaNAX NJIA 3aTaHHOTO
COCTOAHMA CHCTeMH mpu ¢ = (.

- Mmeercs1, ognaxo, ofHO pasimume MesKAY MaKpPOCKOIIH-
9eCKOH CHCTeMOH H CHCTeMOH, cozep;kameil HeboabInOe
9HCI0 ModeKyn. M3 obmmx moxoskeHM#t CTATHCTHYECKO:
MeXaHWKH M3BECTHO, YTO IPefOCTaBJeHHAA caMa cebe cu-
creMa, comep;xamas HeGoabIIoe IACIO0 MOMEKYJ, IPOBOLHAT
OCHOBHYI0 9acTh BPEeMeHHM BOIH3M DaBHOBECHOTO SHAYe-
HUA DapaMeTpoB, T. e. BOJHA3H COCTOAHAA ¢ MAKCHMATIbHOM
BHTpOUHe#, HO GYAYT MPOABIATHCA W CIydalHBe (PIYK-
Tyanud — COCTOAHHA C Gojiee HH3KOK dHTpommedt. Ecam
npm ¢ = () HaM OperbABIeHa Hama (IBYXKAMeDHAs» CH-
- CTéMa € Pas3MIHEIME IJIOTHOCTAMHU B OTCEKAaX B OTOBOPEHO,
9TO IO KpaifHeil Mepe B IPeIIecTBYOmMui MePHON BpeMe-
HE NPOTAKEHHOCTHI0 T' cHCTeMa He MCILITHIBAJa BO3IEHCT-
BUil, TO PE30HHO MPEJINOJIOHATh, UTO Pa3jAIAe MIOTHO-
Creit casano ¢ ¢uykryammamum. Torma B sToM cayuae
MBI OJKHEI OIIUCLIBATH CHCTEMY OJ{HOI M3 KPHBHIX puc. 3.3,
HCIONb3YS NPABYI W JIEBYI0 €e 9acTH. 37eCh BO3MOKHEI
KpUBEIE, ONyCKalOmuecad HIKe (UKCHPOBAHHOTO B3HAYeE-
HUA SHTPomME IpH ! = (0 KaK I NOJOMKHTENBHHIX, TaK
A 1A OTPUNATENHHHX BPEMeH, HO BEPOATHOCTH QIYKTya-
nuA Gyaer GHCTPO YMEHBIIATHCA C POCTOM ee aMILIATYIH,
TaK 9TO CPefiu BO3MOKHHIX KPHUBHIX YHCIO KDPHUBHIX, OHYC-
KAOmMAXCA 3HAYATENPHO HHKe 3HAYCHHA IHTPONHHA MpH
t = 0, osenpr Mamo. B aroit mmTepmperanmmm obe wactm
PUCYHKa ODPAMEHMMEI, X B BHBOJAX TaKKe HeT HeoGpaTH-
MOCTH.

Jlns Makpockommuecko#t cmCTEMH TaKas WHTepIpera-
ouA HefooycrEMa. B mmrpe Bosgyxa mpm HOpMaiubHOM faB-
JICHEA W TeMIepaType [jase 3a aCTPOHOMAYECKHe BpeMeHa
He IPOMCXONHT QIAYKTYyanH, IPA KOTOPOi IIOTHOCTD B OJf-
HOW H3 NOJIOBEH KaMepH OTIMYANach XOTH OH Ha opo-
nent. ITosaToMy coBepmerno HeT ocHOBammit OPHAOACHBATH
QryKTyanmaM sHAUMTeNbHOE pasTEYMe B IIOTHOCTSAX.
B arom ciryuae ropasno Gomee mpuemmema ramoresa, Io Ko-
TOPO# 10 MOMeHTa BpeMeHH — T', mociTe KOTOPOTo, KaK MEl
8HAéM, CHCTeMa He MCITHITHBAJa BO3MYIIAIOIIET0 BO3TEHCT-
BHA, KTO-TO OTKPEIBAJ OKOMIKO, M TOIAa ILIOTHOCTH PAa3JIH-
Januch eme Gonbme. B orom ciywae mykHO HapmcoBath
KpuByIo TOa ma3obpaskenHoit Ha puc. 3.4, KoTopas meitcT-
BHTEIBHO HECUMMeTPUYHA Bo, BpemeHnm. Ho, xpome Toro,
OYeBHNIHO, 9YTO, IIOMAMO CTATHCTHIECKOH MOXAHWKH, ME
TaK e BOCIONB3OBANACH 3apPaHE® COCTABACGHHHIM Ipefi-
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CTaBJEHUEM O TOM, KAKOe BMENIATeJhCTBO Y€JOBEKa MOIJIO
OB OHITH OTBETCTBEHHO 3a IIePaBHOBECHOE COCTOAHHE CH-
-crembl mipu £ = 0.
MoskHO mMONBITATHCA IPOAHAIM3WPOBATH mpobieMy He-
MHOTO rony6sike, 3aflaBasg BOIPOC, OYeMy IPOMCXOAMT TaK,
9TO MBI JIETKO MOKeM IIOCTABUTH YKCIEPHUMEHT, B KOTOPOM

5 Smaz
3.4. Ilpepmono;xuTebHOE
HOBeIeHNe DHTPOIINH, eCIH
OPefIHCTOPHA CHCTOMEI He-
H3BECTHA

- -
—— - -
a +

CO3JaHbl TOYHO OIpefieeHHbEe HadaIbHEe YCJIOBHS, HO 9TO
HEBO3MOJKHO [JI1 KOHEUHHIX ycaoBuid. B aroMm ecth peanb-
HOEe pasimude MeMAy HpoiinM u GynymuM. HemHoro mo-
IyMaB, MOHAMAaeM, YTO OTO CBSA3aHO C TeM 00CTOATENIBCT-
BOM, UTO MPOILILJIOe MB MO{eM 3aIOMHUTEL ¥ MOKEM CTPOHTb
niasEs Ha Oyaymee, Ho He HaoGopor. OueBUAHO, 4TO BTH
yTBEep;KAeHAA NPAaBUIbHBI, HO OHE HE CIEAYT H3 KaKhX-
nu00 3aKOHOB (PUBHKH.

MoHO TPEANOoJ0KHuTH, 9T0 3TH (AKTH KaKHAM-TO 00-
pasoM CBA3AHH CO CIHOCOGOM (YHKIMOHUPOBAHMA HAIIETO
Mo3ra, HO MH He yMeeM 00bSACHHTH IPHPOAY 9TOH OfHOHA-
npaBiaesHocTH. HoHEYHO, MBI HE JOJKHBI HETAThCA OTHEC-
TH ee 3a c4eT HeKOM TepMOJMHAMHIeCKOHX HeoOpaTmMOCTH
B KJeTKaX MO3Ta, TaK KaK 3T0 PaBHOCHJIBHO NPAMEHEHHIO
BTODPOr0 3aKOHA TePMOJWHAMHKA B HCCIE/[OBaHUH, Iedb
KOTOPOr0 — IOHATH NPUPOAY HTOr0 3aKOHA, 4TO NPHBO-
IUT K MOPOYHOMY KPYIY.

He Bo Bcex mccienoBaEMAX HEOODPATHMOIro IOBeICHHA’
CHCTEMHI CJIefibl HaJaJbHBIX YCIOBAI BAAHH TaK ke ABHO,
KaKk B PacCMOTPEHHOM BHme mpmmepe. 3HamendTasa «H-
tTeopemMa» Boabomana, KoTopas ABIASeTCA CTaTHCTHKO-Me-
XaHMYIeCKOR BepCHeidl BTOPOro 3aKOHA TePMOAWHAMUKH, OH-
Jla 0Ka3aHa IIyTeM PAaCCMOTPEHMS CTOJKHOBEHUA MOJEKYJl
B pa3pekeHHOM Tase (e3 BBeIeHHA KOHKPETHOT0 HayaJabHO-
ro MmomeHTa BpemeHn. OgHako oKasmBaeTcs, 9T0 60JBIMA-
HoBCKmii Stosszahl-Ansatz *) Bkmozaer B cefAa 9KBHBa-
JNeHTHOE IIPENNOJOKeHHe, KOTOpOe M ABIAETCA OTBETCT-
HEIM 3a HEOGpPATHMOCTH. ‘

*) YTBepikmeHHE O CTOJKHOBEHWAX (HEM.).
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Yro6u yBueTs 910, OrpanntUMEs paccMoTpenmem rax
Ha3bH[BAEMOTO «JOPEHIeBCKOTO rasay, T. €. Ta3a HeB3aMMO-
NIGACTBYIOMHUX MOJIEKYJ, KOTOPhle PACCeMBAIOTCH HA HEMO-
ABHKHHX IeHTPax. [l HepaBHOBECHO! CHTyaIuH, HALPH-
Mep nmpH peidoBoM TBMKEHNH, HaM TPe6yeTCs 3HATH TACIIO
MOJIEKYJ, PacCessHHEX 3a HHTePBAJ BPEeMeHH df M3 Ha-
9aJpHOTO COCTOAHMA (M3 IUINHAPA) @, 3aJaHHOTO HANIPAB-
JEeHUeM [[BUKEHUA, CKOPOCThIO M, eCJM HeoGXONuMo, 3Ha-
YeHHeM KAKHUX-TO BHYTDEHHHX HapaMeTPoB, B KOHEUHOE
cocrosnne (quaunap) b. Ilpu rakoMm akre paccesHms ang-
depeHnmanbHOE CcedeHHE HA OTHEIBHOM 1eHTpe 6yaer og,.
Ecnu mp m3o6pasmm, Kak Ha pHC. 3.5, munmEAD RAEHB

3.5. BoabuMamoBckuit  Stosszahl-
Ansatz. [UIAHAD a comepKuT MoTe-
KYJB, KOTODHEe IPH 3aJaHHOA CKO-
POCTH HCHHTAIOT COYAAPEHHUS C MH-
TIeHbI0 32 MHTEPBAJ BpPEeMeHM dt W
PacceATCss B KOHEYHO® COCTOSHME b. | |vpat
Huaumgp b comepxur Momekyis,

PACCeAHHBIC U3 COCTOAHMA a 3a Bpe-

M dt. Ansatz mpepmonaraer, uro P

INIOTHOCTh TAKUX MOJEKYN B IH- ab | C a
JUHADE a TAKasA jKe, KAK M Be3fe B ’ vpdt
rase, 4TO B PeayJbTaTe HPUBOGHUT K

OTIMIMIO HJIOTHOCTH B IWIHHAPO

b or cpepmeit :

Uqdt ¢ MIIOmAbio OCHOBAHAS Oqp, HaIleJeHHHIA 110 HAPaB-
JeHMI0 HAYaNbHOE CKOPOCTH U, Ha IEHTP pPACCEeAHHH, TO
IHCIO0 MOJNEKYJ, PACCeAHHBIX 3a BpeMA di B KOHEYHOE CO-
croanme b, Gyner paBHO 4mcay Mosery, cOfePIKAIAXCA
B IMAMHApPe ¢ m3HAYaNbHO. ClegoBaTenbHO, MOKHO 3aImi-
CaTh YMCJIO PACCESHHBIX MOJEKYJ B BHUIE :

OapVq At 3.8.2
o )

TA€ P — IIOTHOCTh MOJEKYN B yKasaHHOM ITMIHHJpe.
Haxee, GombnmanoBckmit Stosszaht-Ansatz 3aKJII09ae1Cs
B KayKymeMmcs 6e300HIHEIM IPe/IOI0Ke AN, ITO Pq PaBHO
CPe/iHe’ IUIOTHOCTH MOJIEKYJ IT0 BCEMY Tasy, T. €. UTO OIl-
De/ie/IeHH LI HaMA [EJMHAD HAKOEM 06PAsoM He BhIIEJIeH.

TO NPE/III0I0KeHAe — UCTOYHAK HEOGDATHMOCTH, IMO-
TOMY 1WTO €CJIM OHO CHPaBeAJIHBO, OKABHIBAETCA HECIIPABE/-
JHMBBIM COOTBeTCTBYIOIEe  YTBEDKNEHME OTHOCHTEILHO
[UJIUHpA, OTMEYeHHOro Ha pHc. 3.5 6ykBoit b. Eqnrcren-"
HOe crenuprIeckoe 06CTOATETBCTBO, CBABAHHOE ¢ MAIAHA-
POM @, 3TO TO, YTO OH COAIEPIKAT MOJEKYJIH, KOTOPHIE O~
HEL CTOIKHYTBCA C DPACCEMBAIONIMM LEHTPOM; IUIHHAD b
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COMIEPKUT T€ MOJIEKYJH, KOTOPHI® Y:Ké HCABITANN CTOJKHO-
BeHHe. B HepaBHOBECHHIX YCJOBHAX; HAIpUMep IpU HAJU-
97H ipeioBOro ABMKEHU A B HAIIPABJICHNUH OCH IIMJINHADA &,
B rase, Kak 1exoM, Oyaer Goiblne MOJIEKYJ, ABAKYIIAXCA
B HaIlDaBJieHWUH a, 9eM B HampasaeHu: b. [TosToMy pacces-
HHe Ha IeHTpPe [AOJHKHO HIPHBECTH K YBEJIMYEHUIO THCIA
MOJIEKYJ, ABHTAIOMUXCSA B HAPaBJIEHUN Ocu IWINHApA b.
Ecan p, rakoe sie, Kak Be3sfe B rase, TOr[a MIOTHOCTH D
JOJ)KHA IPEBHINATh CPeRHIOIo.

Ecau onmcamubiii BEIle MPOHecc pacCessHus CPaBHATH
¢ oOpaTEMOii BO BpeMeHN CHTyaluei, TO pa3jdime CTAHO-
BHTCA O9YeBHAHLIM. UTOGH o6GparHTh HaIpaBIEHHE BpeMe-
HH, HY)KHO KayKIYI0 MOJEKYJIy B IWIMHADe 3aMEeHHTH
APYTOil ¢ HOPOTHBOMOJOKHOH CKODPOCTHIO, M IOCIEe 3TOTO
BTH MOJIEKYJIH HOJKHK PaccesiThcsA HA MAIIEHH TaK, ITO0OH
JBHATAThCSI B HAIIPABJIEHMM, NPOTHBONOJOKHOM Hampasie-
HNIO a. Umeno mX He HM3MEHUTCA, W, €CIH IJIOTHOCTH Pp
B OMiIdHEApe b oTiMYaeTcA OT CpejHe# IO BceMy rasy, OHA
Oymer oramuaThCA TaK)Ke OT TOH, KOTOPYIO MBI, BMecTe €
BoabpnManoM, KOMKHEH OPHHEATH AJA 00paTHOrO Iporecca.

WHTYATHBHO KajkeTcs OYEBHAHBIM, YTO HA MOJEKYJH
He OKashBaeT BAMAHHUA TOT PAKT, 4TO OHHU AOJIKHH CTONK-
HYThCA, A COBEPIIEHHO €CTeCTBEHHEIM IIPefiCTaBIAETCS TO
06CTOATeNBCTBO, ITO HA HAX AOJIKHO BO3[EHCTBOBATH TOIb-
KO 9TO mpomciuepmee croiakHoBerme. Ho Te mpepmmosmosxe-
HASA, KOTOPHE MABJIAIOTCA IPAIAHOW HEoOpaTHMOCTH, He
oueBuausl. Ecau ME, ogHAKO, OIPEJOOJNOKHEM, 9TO B IPOMI-
JIOM COCTOSHMe ra3a KaKEM-TO 00pa3oM OHRJI0O MPHUTOTOBIIE-
HO, a TO, 9TO MH HabaofaeM, ecTh IOCJIeAYyIomee pPasBH-
THe BO BPEMEHHM DTOTO COCTOAHMA, TOTAA OTCIONA CIeNyer,
9T0 KOpPpendAnya MeXAY MOJeKyJaMd i IeHTPpaMH pacced-
HEA OygeT ABIATHCA PE3yJbTATOM JHIIb CTOJKHOBEHHIA,
MPOMCIIEANIAX B MPOIIJIOM, HO He B OyaymeM. ITO MOKa3HI-
BaeT, 9T0, B IPHHIANE, CATYAW NO-IPEKHEMY TaKasd e,
KaK B 3ajiade O [ByX OTCEKax.

Wrak, BHJACHeHO NPOMCXOKAEHM® HEOOPATHMOCTH B
BOIIPOCaX, KOTODHE MBI CTAaBHM Iepe]] CTaTHCTAICCKON Me-
XaHAROH, U BHJHO, YTO OTCYTCTBHEe CHMMETDPHU BO3HHKAET
H3-32 OIPDAHMYEHHOCTH HKCIEPHUMEHTOB, KOTOPHIE MOKHO
BHONHATE. «CTpesa BpeMeHM» OKasHIBAeTCA CBOMCTBOM
Hamero Mosra. J[o Tex mop, moka y Hac HET ACHOTO 06BAC-
HEHHA JTOr0 OTPDAHUMIEHMS, MOKHO MHeJaTh HPefmoJioe-
HHAA, SABIAETCA JA HANPAaBJIeHWe BPEMEHH HENPEeMEeHHO
YHHBeDCAJbHEIM WX MOKHO IPeACTaBUTH cebe pasyMHBI®
CYIIecTBa, AJIA KOTOPHX BPEMsA TeueT B HAIPABJIEHHH, IPO-
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TABOLOJIO;KHOM HALIEMY, TAK 9TO0, ¢ HAlIeH TOYKM BpeHus,
OHE HOMHAT GyAymlee M CTPOAT ITaHHl Ha mpomuioe. Wm-
TYATHBHO TaKafd CATYALHs KayKeTCHA COBEPUIEHHO HeJeIOi,
HO OAWH ¥3 YPOKOB (QHM3HKM [BajIaTOr0 BEKA M COCTOHT
B TOM, UTO He BCEI[a MOKHO MOJIaraThcA HA HETYUIAI.

Jlasxke ¢ Taxoit oroBopkoit cremammoe IPefnooKeHne
He OpeAcTaBifgercsA IPHUBIEKATeALHHIM. Bo BeakoMm cay-
9ae MOKHO GHITh YBePEHHBIM, 9T0, €CJH TAKHE JIOLH CyIe-
CTBYIOT, y HaC HET BO3MOKHOCTH O0IATHCA ¢ HUMH, TaK KaK
ofbmenne 00s13aTeNbHO BKJNIOUAT B o0 BO3MOIKHOCTD
COpamuBaTh U IIOJY4aTh OTBETH, a OHHU AOJLKHH GYAyT OT-
BeYaTh HA HAIIM BOIPOCH! PaHbIe (C Halled TOYKH 3peHns),
9eM 3TH BOIPOCH OyAYT 3afaHHL.

Mo cax mop ofcy:kaanucr BOMPOCH, OTHOCAMEECH KO
BCeM acleKTaM CTAaTHCTHYECKON MEeXaHHKH, OCHOBAHHEBIM
Ha pe3yJibTaTaXx 9KCIEPUMEHTOB, KOTOPHIE MOKHO IPOBECTH
B naboparopun. Ho ortuM Tema He HCYEPIBIBACTCH.
Boxpyr nac, Bo Bcenennoit, uner MEOzecTBO TePMOJMHAMHA-
9eCKMX OpOIeCCOB, KOTOPHIe NMOMYUHAIOTCA BTOPOMY 3a-
KOHY, HO Ha KOTODbi¢ HAWlM [eHCTBAS HUKOMM 0GpasoM
NOBJIMATH He MOTYT. Tak Kak BOmpoc 0 IPUMEHNMOCTH BTO-
poro 3aKOHA KO BCEil BCENEHHON MOKHO CHOPMYJIHPOBATH
Ha A3bIKe IIOJHO! SHTPONAN BCEJEHHON KaK IeJ0ro, MHOT-
Aa BOBHMKAET 3aMeIlaTeJdbCTBO: MPHUMEHHM JH 37eCh 9TOT
BaKOH? JTOT HOAXON YpeBaT OCIIO;KHEHHAMM, TaK KaK HET
YBEDEHHOCTH, KOHEYHA JIM BCeJNeHHAs M, KDOMe TOTO, HeT
ONHO3HAYHOH TOYKWM 3DeHHA HA NOBEJieHHe TePMOJHHAMH-
YeCKMX BeJIMIMH UPH npeobpasoBanmu Jloperna, Tak d9To
MOT'yT BO3HMKHYTh COMHEHHA NPH OIEHKEe DHTPOIUH OBICT-
PO OBHKYmMHXCA TeJl.

Ho moxno pasoGparscs B aTOM Bompoce ropasao mpo-
e, paccMaTpUBasA TOJABKO JOKaJIbHOE HoBeenne. Ha couH-
Ue u Take Ha 3eMJie B 00JJaCTAX CIUIIKOM GOJBINIAX, YTOGH
Ha HAX MOIJIO IOBJMATH BMEIIATEJIHCTBO UeJOBEKAa, BCE
K03 QHIMenTH IepeHoca IMeI0T IPABLIYHEe 3HAKHA. Termro
nepenaerca or Gosee ropsauero kK Gosee XOJOXHOMY Teixy,
TPeHMe IPUBOJNT K IOABIEHHIO CHJGI, HANPaBJIeHHOH TaK,
YTOfLI C TeYeHWeM BPEMEHH YMEHbINAJIAch PasHOCTb CKO-
pocrei, Ipu AuPY3NE KOMIOHEHTH CMECH [BUKYTCH TaK,
4T0 CO BpeMeHeM IPajUeHT KOHIEHTPALHMHA yMeHbIIAeTCA.
Bce atm mpomeccs mporexamm Grr B o6paTHOM HaIpasJe-
HAH, ecau 6B TeueHWe BPeMeHN W3MEHMJIOCH Ha obGparHoe.

Hammx npemsiaymumx paccysmenwuii, osesnano, me mo-
CTaTOYHO [IA TOI0, YTOGH OGBACHATH HTOT ACHEKT CTPEJIHI
Bpemenn. Hexoroprie aBTophl mpesmonaraior, 9ro Hampas-
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JIeHNe TeUYeHUA BPEeMEHH KaKuM-TO 06pa3oM CBA3aHO C pac-
IIMPEeHneM BCEJEHHOH. JTO He o49eHb mpasgonofobHo, Tak
KaK MOKHO OpeJCTaBUTh ceGe CHUTYamuio, IPH KOTOPOR
B KOCMOJIOTMUECKHUX 3aKOHAX MMeeTCH MUHUMYM IJIOTHO-
CTH, TA4K 9T0O Ha KAKOM-TO ITAlle PACIIMPEHHe OKOHIUTCA
U BCEJICHHAS HAYHeT CKUMaThcs. BepoATHO, HCTHHHOE IIO-
BeIeHNe BCEJCHHON He TAKOBO, HO, O-BUAMOMY, 3TO HpeN-
[IOJI0}KeHNe He MPOTHBOPEYAT PYHNAMEHTAJIbHHIM 3aKOHAM
¢usuru. Haskercs eme MeHee BEDOATHHIM, YTO TaKOe M3-
MeHeHHe (yjer IpUYXHOE KaKo#-1u60 mepeMeHs TepMONu-
HAMNYECKAX CBOUCTB T€JI BO BCEJIEHHOM.

CrnepoBatenbEo, Tpebyercs ocobbli HOCTYIAT, YTOOH
peIIuTh BOIPOC O KOCMHYECKOH cTpene Bpemenu. CpaBHE-
Basg 3Ty CHTYANHI0 ¢ OGCY:XEABIINMHACH DKCHEPUMEHTAMH, .
BHIHM, 94TO BCeJeHHas Befer ce0s Tak, Kak ecam Obl ee
moBefeHUe OHLIO Pe3yJbTaTOM FHTAaHTCKOTO 9KCIIEPUMEHTa,
Hauapmerocd B HEKOTOPHIA HAYaJbHHYA MOMEHT BPEMEHH
¢ MHKPOCKOIMIECKOTO Xa0ca, KOTopoMy Oblia Impemocras-
JleHa CaMOCTOATENHHOCTh. TaKas rumore3a XOpOmIO COrJja-
CyeTcs ¢ THIOTe30il 0 IPOMCXOKJEHNM BCEJIEHHOH B pe-
3yabraTe «6OJNBIIOr0 B3PHBAY, HO TO HEJb3s PaccMaTpH-
BaTh KAK apIr'yMeHT B MOJb3y 9TOr0 BapuaHTa KOCMOTOHHAH.

Kak m panmbime, MO)KHO 3a/laTh BOIPOC: SBJISAETCA JH
cIyuaifHOCTBIO, 4TO HAma coOCTBeHHAA CTpesa BPeMeHH
coBIAaNaeT C TAKOBOU A BCEJIEHHOIl, ¥ BO3MOKHO JH, 9TO-
OH OHHN OBUIE HPOTHBOLIOJOKHE? VIHTYMTHBHO HOCIENHE®
TaK/Ke TpefcTaBifAeTca HenpuemiaeMeM. GrIumKoM HPOYHO
VKOPeHWJIOCh B HAIIeM CO3HAHWM, YTO HPAYAHA [OJIKHA
OHTH paHbIIe, 9eM CIEeACTBHE. JTO YaCTh HATYUTHBHOTO 33~
KOHA IPMYMHHOCTH, Oosee obmiero, 4eM 3aKOH OPHINHHO-
cTd, 00OCHOBAHHHIA B MEXaHHWKe HJIM DIIEKTPONUHAMHUKE.
Mocaennuii IPocTO 03HAYALT, YTO CYMECTBYIT nuddeper-
nUajgbHbe YPAaBHEeHHS, ONACHBAIMUE PAa3BUTHE BO BpeMe-
HY (QM3MUECKWX BEJWYMH, TAK 4TO 3a[JaH@e JOCTATOYHOTO
q@cia mepeMeHHBIX B JAHHHIA MOMEHT BPeMEHH Ompefiess-
er ux smaueHns B G6yaymem. OGbraHO He o0pamalOT BHH-
MaH7e Ha TO, UYTO Ta »Ke mH(popMaIusA ompeesser UX 3HA-
ueHye B HPONLJIOM, TAK 94T0 9Ta opMa IPUIMHHOCTH HE Jie-
JaeT pasiMuAA MeAY IPOIIkM M 6ymymmM. Xors B OT-
NeIbHHX CIyIasix COBPeMeHHAs QH3WKa IOKA3HIBAaeT, ITO
AETYHOMA MOKET OKasaThes oOMAaHIMBOM, 9Ta CATYaNEHA,
BO3MOKHO, fABJSETCA IPAMEPOM, B KOTOPOM Hamia WHTYH-
mus BefleT K BceoOmeil UCTAHE, He COfepamencs B 0CHOB-
HHX B3aKOoHAX (u3HKA (32 HMCKIOYCHHEM (BHIBOJAMOTIO»
BTOPOTO 3aKOHA TEPMOAMHAMUKH).
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Boamoxtno, Hafo OTMETHTH, UT0 pafid YHPOMEHHs BH-
GpaHE! TOILKO THCTO MEXaHUUECKHE IPUMEDH! U HEe PACCMOT-
PeHH 3afja4yd, BKIKYalOmMue naiaydende. ClreqoBaTeIbHO,.
MOKHO CIPOCATB, Kak OOLYHaA mpomeaypa, B KOTOpOi
OpeNOYTHTeIbHEe WMCIOJb30BATH 3alas[HBAIOIINe, a He
onepe;Kaiomide HOTEHIWAJNH, CBA3AHA C IPEIMETOM Halle-
ro oécyxnenna. HecomMrenno, mcmomp3oBaHme 3amasmbi-
BAOIIUX MOTEHNHUAJIOB ABJAETCA NPHYMHON HeoGpaTmmoc-
TH, BKJIOYaA 3aTyXaHUe M3Iy4eHHA.

Bribupas samasnbiBaroniue mOTeHIIAAILI, MbI npepmoa-
raeM, 9T0 HA (@CKOHEYHOCTH HET IaflaloNiero Ha CHCTEMY
M3JIy9eHNs, KPOMe 3a[JaHHOTO B 3ajade, OHAKO HET Orpa-
HAYeHWH W Ha YXO[smee M3JIydYeHHe. JTO DKBUBAIEHTHO
YCIOBUAM, KOTODHe MBI HAQJIarajun B PACCMOTPEHHBIX Me-
XaHMYeCKHUX 3afadax, MPeAmoaaras, 970 Mbl DPATOTOBHIN
cocrogHue cucTeMsl npu ¢ = 0 u mocjie 3Toro HaGJIOKAIK
ee passuTHe. B camom fese, ecam npu ¢ = O HagaTh ¢ TOTO,
4TO MBJIYYCHHS HET WM MMEeTCA KaKOe-TO 3a[laHHO0e M3Ny-
4eHMe, TO B IIOCJe[YIONne BpeMeHa 00HADPYKUM HEKOTOpoe
U3Jy4eHne, MCXOMANIee U3 CHCTEMEL.

Curyamus HeCKONBKO MEHAETCH, ecilu MPHHATH OCTPO-
yMEBA popmanusm Yuaepa u Deitumana *). Orm memons-
30BaJIM CHMMETPUUHYI0 KOMOMHALMIO 3aHa3[bLIBAIONIAX W
oneperKaoInX NOTeHI[AA 0B, & 3BATyXaHHe, OJarogapsa uaay-
4eHN10, o6ecreunBaoch B3aWMOMIECTBAEM OIepPe;KAIONAX
TIOTeHIMAJIOB C ATOMaM¥, B KOHEYHOM CYeTe MOTJI0MAOIAMHA
u3inyqenne. [l T0ro 4To6H HONYYATH TOT Ke Pe3yiIbTAT,
KOTOPHIA clexyeT M3 OOGIENPHHAATON Teopwmu, WM HeoOxo-
AuMO OBLIO MPeMIIONO0KHTh, UTO BCe M3JNYUYCHHe, B KOHI[E
KOHIIOB, [OCTHTaeT INOTJOMAIONIET0 Teja. ITO IPeAIoo-
KeHHUe MOKeT IPUBECTH K 3aTPYJHEHHAAM, €CIIH OKajKeTcH,
9T0 MAaTePHH BO BCEJEHHOI HEZOCTATOYHO [JA TOTO, YTOOH!
obeceunts moriomenwe. ONHAKO OCTABIAA IOJHOCTHIO
B CTOpPOHe 3Ty mpobieMy, 9acto He OTHAKT ceGe oTdeT
B TOM, YTO 9Ta TEOPHUSA CBA3HBAET HCTOYHAK HEOOPATHMOCTH
C DOIJIOmMAKINUM BemecTBoM. J[pyrmmm ciaoBamm, mnpm
CAMMETPAYHOM WCIOJNb30BAHAY ONEPEe;KAIOIMX U 3aMa3bl-
BAIOI[AX MOTEHIMAJOB [JIA TOr0, 4To0H o0ecmeumTh Ha-
GmomaeMoe 3aTyxaHWe W3NydYeHmsa, Tpebyercs, uTOGH
u3jyuenre oObBIYHEIM 0GpPa30M B3amMOIEHRCTBOBAIO C 00D-
eKTaM¥, MONUYMHAIIIMMHACH BTOPOMY B3aKOHY TepPMOIMHA-
MHKH, T. e. YTOOB OHHU Beau ce6a HeoGpaTuMO.

*) Wheeler J., Feynman R.// Rev. Mod. Phys.—1945.—
V. 17.— P. 157.
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O6cy:xmaBmasncs 3fiecs aprymenTanua Obina opefcras-
JieHa B JIGKOUH aBTOPA Ha DHPMHHIeMCKOM CHMIO3AyMe
B 1967 r. *). Ouennp Onm3Kasg TOYKA 3PEHMA BHICKA3aHA
P. II. Deiitnmanom *¥),

*) Peierls R. Methods and Problems of Mathematical Phy-
sics. / Ed. J. E. Bowcock.— Amsterdam; N.Y.: North-Hol-
land, 1970.— P. 3. .

**) Feynman R.P. The Character of Physical Law.— L.:
Cox and Wyman Ltd, 1965. lmeercs: nepesog: QPeiinman P. Xa-
pakrep ¢usudecknx sakomoB: Ilep. ¢ amra. / Ilom pem. SI. A. Cmo-
poaurCcKoro.— M.: Mup, 1968.



4. KOHNEHCUPOBAHHOE COCTOSIHUE

4.1. IlnaBrenne B opmo-, jBy-
4 TpPeXMEpHBIX CHCTeMax

Onna m3 xapakTepHHIX 0coGeHHOCTElH KPHCTAIJIHAYECKO-
'O TBEPAIOTO TeJa, B OTIMINe OT KUAKOCTH WIK aMOpPPHOro
TBEpPAIOTo TeJd,— ero IePUOAUIecKan CTPYKTypa, 6aaro-
Aaps KOTOPOH DPAaCCTOAHUE MEKLY AByMS aToMaM®, pac-
LOJIO’KEeHHBIMA HA OJHOM M3 IJIABHEIX KpHCTAJJIOrpa-
uuecKHx HampaBieHWH, GaUM3KO K BeJUYAHe, KpaTHOM
OCHOBHOMY HE@PHOAY PEmeTKH B 3TOM HampaBjeHud. V3-3a
OPOCTOThl OJlHOMEPHOM CHCTEMHI BCerfja MMeeTcs cobasH
PacCMOTPeTb TAKY) CHTYanuio B OJHOMEDHOM CJjydae.
HeficTBrATENbHO, eCIH OpeficTaBUTH cebe ITMHeHHYIO eN0UKY
4TOMOB, BHIHYKACHHHIX [BHTATBCA B OJJHOM H3MepPEHHUH,
4 OPeAnoJIoKUTh HANTNYNe HOAXONAMMIX KOPOTKOIeHCTBYIO-
IEX CHJI MEXAY aTOMaMM, MEHUMYM IOTeHIUANbHON DHep-
T'Hu #, CI6/I0BATeNIbHO, KOHQUT yPALMA ATOMOB IPH HYJIeBOi
TeMumeparype (ecau mpeHeOpeub KBAHTOBEIMH sdpperramu
AJisL EMITy11bCa) GYAYT COOTBETCTBOBATH pPAaBHEIM paccros-
HAAM Me:Kny Humu. Hanpumep, ecam momycrurs saam-
MOJIeCTBHE TOJBKO (IMKAAIIAX aTOMOB (coceneit), To pas-
HOBECHEI MEPHOA PelleTKH ¢ GyAeT TaKWM, IpH KOTOpOM
HNOTeHIMAN B3AaMMOJ@HUCTBUA MEKAY ABYMA COCOIAME MH-
HHEMAaJIeH.

OnEaKo TaKKe COBEPIEHHO ACHO, TO B TAKOM npocToi
Mofien# mpu M0G0 KOHeUHOH TemmepaType GymyT Hapac-
Talomue ¢ pacCTOAHMEM OTKJIOHeHMS OT HPOCTOH mepmofu-
9eCKOi CTPYKTYDHI: n-ii aTom, KOTOPHIZ B PABHOBECHH [0JI-
#eH Obi1 OBl HAXOAUTHCA HA PACCTOAHME ng OT HAYala KO-
opauHat, Oymer QuyKTympoBaTh BOGAHMBE BTOr0 MOJNOKe-
HHEA C aMOJIUTYNOd, BO3PACTAIOWEHA ¢ pocToM 7, nprgeM
Opd GOJNBIIMX 7 aMILIUTYJAA Qaykryanum mpesmmaer a.
9TO JIerKo mPOCIENATh HA npuMepe NPUHATOH HAMH HpOC-
To# Mopeau. Ilepswiit cocep HEKOTOPOro «MCXOXHOTO» aTO-
Ma OyneT OTKIOHATBCA OT PABHOBECHOTO MOJOKEHHA Ha
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BeauamHY O, cpe(HEKBAAPATHYHOE 3HAUCHIE KOTOPO 3aBH-
CHT OT TeMIepaTypH u feiicTyomux cui. [leficrBuresnbHo,

8 =ksT () (4.1.1)

rie U — nmoTenmumas B3aWMOAEHCTBHA, A HPOU3BORHYIO
HAJ0 B3ATH B MOJIOKEHHY PABHOBECHA.

Jdanee, Tak Kak MbI IPeNIOJOKUIN B3aMMOJEUCTBHE
TOJABKO ONMKAMIINX cocefeil, caeNyouuil aToM He HCIH-
THBAET BIAUAHKUA MCXOJHOIrO; OH MBITAETCA YAEP/KAaThCA Ha
OpaBUIBHOM DPACCTOAHHA OT CBOEro OIHKaiimmero cocesia
omATh ¢ omuOKo# Toro ke mopsagka. Ogesmaao, omubKa
B TOJOKEHUH n-TO aToMa Oyfer cymepHo3niuei n He3aBH-
CHMHIX OIHGOK, KajKkJaA W3 KOTOPHIX MMEeT OfHO W TO Ke
pacmpefielleHne, TaK YTO CpeJHEKBajpaTHYHAA OMHUOKA
B IO;I0MeHUH n-ro aroma Oymer nd?, a cpemHeKBajgpaTHd-
HOe 3HAaUeHMe OTKJIOHEHHA BOo3pacTaer Kak nl/2, Kak H B
safiaue o cayuaiimoM Ony:xpmammu. Horpma sTa BenmumHa
OPEeBOCXOJIAT ¢, MePHOAWYecKadA KOPPeaANHWsa B HOJIOKe-
HHAHM aTOMOB TePAeTCH.

Kaskercs, 410 IpuUBeJeHHOe [OKA3aTeJILCTBO CIpaBe[-
IHBO TOAbKO M KODPOTKOAEHCTBYIOIMUX CHJ, CBA3HIBAIO-
mux GamKaimux coceneil, Ho M cef9ac YBHAMUM, 4TO TOT
BHIBOY[ mMeeT Oojee obmee 3HadYeHUe.

He cpasy scHO, 9TO TaKoe IOBeleHHe CBOMCTBEHHO
TOJIBKO OJJHOMEDHEIM CHCTeMaM, u cobxasHuUTeIbHO 06006-
IUTh STOT Pe3yIbTAT Ha peajbHbe Kpucraaii. OmEakKo
KaYeCTBEHHO SCHO, 94TO HAIIM PACCY/KIeHUs HemPUMeHUMEI
B [ABY- WJHM TPeXMepHHX cmcreMax. PaccMorpum, Haumpm-
Mep, ABYMEDHYIO KBaJpaTHylO pemeTky. [laske B mpmbnm-
/KeHNHU TOJbKO OMMKafmmx cocefedl aToM ¢ KOOPAUHATAMH
(a, a) BzamMopeiicTBYyeT CO CBOMMH COCEJAMH B TOTIKAX
(a, 0) u (0, @), Ka)KABIi M3 KOTOPHIX B3AMMOJEACTBYET
C aToMOM, PACIOJOXeHHHKIM B Hadaje KOOpAZHAT. AToM,
pacnoo;KeHHsii B TouKe (a, a), 6yaer UMeTb BO3MOKHOCTD
3aHATH HeNPABMJIbHOE ILOJIOKEHHEe, TOJAbKO ecad 00a mpo-
MEKYTOYHBIX aTOMa OKKYTCA CMEIEHHHIMU B OIHOM M
ToM ke Hanpasienuu. C yBeqddeHHEM PACCTOAHHA OT
HAYajJa KOOpAWHAT mMeeTcs ‘Bee Goabime m Gosblle cBA3EH,
o0 KoTophiM uHpopManusa o6 HCXOMHOM aTOME MOKeT JI0C-
TAYb OTHAJCHHOTO aToMa. ITO BefeT K oclableHri0 Koppe-
AAnui, mepefaBaeMbiX IO KaKEXOX m3 ceaseil. [lna Tpex-
MepHOM CHCTeMH YHCIO TAKUX CBA3e#l Bo3pacTaer eme
GuicTpee. XOTS 9TH PACCY/KNEHHA MOKA3EIBAIOT, 4TO [JIA
ABY- M TPeXMEPHHX CHCTEM OTBeT He 0013aTelbHO TAKOM,

94



KaK B OIHOMEDHOI1 3a7iaye, ero TPyIHO MOJYTATH KOAHTe-
CTBEHHO. ’

Ectb, ommako, ogenp pocToil cmoco® Haftm pemre-
Hue, 00 Kpaiineit Mepe B ToM ciyuae, Korga omubku B pac-
CTOAHUAX MeKAy Oonee Waum Memee OIMBKEME aToMaMu
HOCTATOYHO MAJH, 9TOGH CYATATD CHIIEI rapMOHUYECKAMH.
JdT0 xopomee mpuGIHKeHUe OPA HUBKAX TeMIepaTypax
(ecnm MCKIIOUINTH OUCHB NETKHE U C1abo CBA3aHHBIe ATOMH,
rakne, kKak He u H,), m ono Buonme npreMieMo fake BOIA-
SI TeMIepaTyps miasiends. B srom ciywae Mommo BH-
Pa3uUTh [BU/KEHNe aTOMOB YepPe3 HOPMaJIbHEE KOODIHMHATHI.
Ecnn u, — cvemenne n-ro aroma usz HOOJIOMeHHS PaBHOBe-
CHA, TO IJIA OXHOMEPHOR CHCTeMH MOKHO 3aIUCaTh

Uy = D\ qy exp (ikna), (4.1.2)
'

THe g — aMIUIATYAa HOPMAJIBHOLO KOJEGAHHA ¢ BOJIHO-
BEIM YHCIIOM K, 8 CYMMHUDOBaHHe PAacIPOCTDPAHSETCH Ha BCe
3HaveHns k, kparmee 2n/L (rme L — mumaa MeNoYKM), U3
HHTEpBaja

—nla < k < n/a. (4.1.3)

Iockonbry u, — neitcTBuTenbHAS dyrKOusa, meobxomm-
MO0, 4TOOH

gk = g- (4.1.4)

Teneps moskHO BHpasuTs Koppensmmo MEKIY HOJ0Ke-
HUEM ABYX OTHEJIBHHX aTOMOB, PacCMaTPUBasl BeIHYHHRY
{(un — ug)®y. Ecau ona mana, ato 03HAa9aeT, 4TO PaCCTOA-
HHAe Me3KIy IBYMA aToMaMu 6;1u3Ko0 K na. Ecau sta Benman-
Ha OKaskBaeTcs Goubime a?, TEPAETCA CBA3H MMy MOMO-
KeHuAMH atoMoB. Mcxons us (4.1.2) MBI MosKeM eTko BEI-
THCIHTE 3Ty CPeNHeKBAAPATHIHYI0 (IYKTYaMAI0, HCIOME-
3yA 10T aKT, 9T0 U3 3aKOHA PasHOpacupenenenus *) cie-
nyer

_ | ksT/Me}, K —F,
{GrG-k> = (4.1.5)
0, k' =k,

rae* kg — mocronmHag Boabnmana, a M — macca sceit
HeHOTKHA aTOMOB, ®y — 4acToTa k-it Momel. las mumEmod
[emOo9YKH [ONyCTUMEIC 3HAYeHHSA Kk DPACHONOKeHH OYeHb
T'YCTO, TAK YTO CYMMY MOYKHO B3aMEHHTH HHTETPAJOM C Be-

*) Peub umper o TEMIEpaTypax, BHICOKAX 0O CPABHEHHIO C Jie-
6aeBcKo#, Korma [IPUMEHNMO KJIacCHIecKoe paccmoTperme. (IIpu-
mew. ped.)
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coBriM MuOuteaeM (L/2n) dk. OxkoHYaTenbHO MMeeM
t/a

T
(it — > = 52 (o ln) g, (4.1.6)

2
2nm i w2
3mecs m — Macca OMHOTO aToMa.

B o6iactu Goupmnux £k 4iIeH ¢ KOCHHYCOM B TOMBIHTET-
panbHON QYHKI[AU OCUMJLINPYET U He [laeT CYMecTBeHHOI0
BKJama B maTerpax. Ommako mpu Maubix k, Korja oy ~
~ ¢k (¢c— cropocth 3BYKa), 6e3 4ileHAa ¢ KOCHHYCOM HH-
Terpas pacxomurcs. IIp# ydere KOCHHYca IOIBIHTErpab-
HafA QyHKOEA BOMM3H HAYaja KOOPAWHAT CTPEMHTCA K KO-
HEYHOMY 3HauYeHmi0 n2a%/2c¢%, u, MOCKOJbKY OHA TAKOBA Ha
nHTepBaye nopAnka 1/na, AcHo, 4ro npu GONBMHAX 1 CPel-
HeKBajpaTHYHasd (QAYKTyal[dd OKA3HIBAeTCA IIPONMOPIIHO-
HaJXbHOR 7. DTO corjacyerca ¢ mpegsgyumuM, Goiee sie-
MEHTAapHHM I0Ka3aTelbCTBOM, ONHAKO Temepb BHIHO, YTO
pe3yabTaT He 3aBHCHT OT IPENIOJIO}KEeHHA O B3amMONeHcT-
Bun 6amxaimux coceneir. Tpebyerca ToibKo, 9T06GH ¢ pac-
CTOIHAEeM B3amMojeiicTBHe YOHBAIO AOCTATOYHO OEICTPO,
ofecneurBas KOHEYHYI0 CKOPOCTD IJIAHHOBOJIHOBOI'O 3BYKa.

B ¢usugeckoit 3ajaue 0 TpexMepHOM KPHCTAJLIE MONY-
9aeTcsA BHIpajkeHHe, O4eHb cXofHoe ¢ (4.1.6), HO HeMHOTrO
Gosee CIO/KHOE, TAK KaK HeoOXOIWMO YUYATHIBATH MOJAPH-
3aMAI0 KayKI0il W3 MOJ| X HaIpaBJeHHAe BOJHOBOTO BEKTOPA:
TOJILKO ero IPOeKNKA Ha JHHA0, COeNAHAIOMYIO Ba aTOMA,
BXONHT B apryMenTt Kocuryca. OnHAKO OCHOBHOE OTIWIHE
3aKJII0YAeTCA B TOM, 9TO Teleph WHTeTrPHPOBAaHHE BeAeTCH
oo TpPexXMepHOMY NPOCTPAHCTBY C 9iIeMeHTOM obbema,
nponoprnaoHaabHEM k2dk. IT0 KOMHeHcHpyeT Malyio Be-

JIMYMEY ©F B 3HAMEHATEJ e, HO3TOMY IONBIHTErpaJbHAA
¢yuxnua opu k — 0 KoHeUHA H, CIE0BATENbHO, KOHEIEH
HMHTerpajs. B pesyiabTaTe CpelHeKBafpaTAYHAA QPIYKTya-
oA npu GoJBIIEX 7 CTPEMATCA K KOHETHOMY Ipefeny;
5TOT mpefe mpomopouoHaseH 7', Tak 4To IPH HA3KAX TeM-
repaTypax 3Ta BeJHYMHA JOJIKHA OHITH MeHbIIe af.
Kaserca, Takoe T0Ka3aTelbCTBO CYNIECTBOBAHASA Jab-
Hero mOpAJKa B TPEXMEPHOM ciydae BHepBhie Gbio omy6-
JAKOBAaHO B Moeil crarwhe *). Tak KaK YCTAHOBJEHO, 4YTO
OpH HABKUX TeMIepaTypax cyliecTByeT NaJbHHUM HOPANOK,

*) Peierls R. E. /| Helv. Phys. Acta.— 1934.— V. 7. Suppl.
2— P. 81.
Peierls R. E.// Ann. Inst. H, Poincaré,.—1935.— V. 5.—
P. 177.
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T0, CICNOBATENHHO, TEPMONMHAMHYECKA® BeIHMHEL He
MOTYT OHITH aHAINTHYECKEMHE QyRKnuAME mpu Bcex sHa-
JeHusnx I'. Mu smHaewm, HampuMep, W3 PasioKeHHAA B Psf
mo obparEsiM cremenam T, wro OPA [KOCTATOYHO BHIGOKHX
TeMoepaTypax AajibHero mopsgka mer. Ho PyrKIOUSA, pas-
Hasg HYJN0 B HEKOTOPOM HHTepBae TeMIepaTyp W OTJHMY-
Hasa OT HyIs OPU HABKUX TeMIEPAaTypax, He MOMKeT OHITH
AHAMATHIECKOR; JOMKHA CymecTBoBaTh Gojee HHU3Kas
TeMIepaTypa, mpu KoTopoii mapamerp OOPATKA eImie paBeH
HYymI0, a 310 Tpebyer ocobemHOoCTH. D10 OUEHD obmee pac-
CY/KIeHHUEe He TaeT BO3MOKHOCTHI YCTaHOBHATH, SABIACTCH JIT
TapaMeTp HOPsANKa paspHBHOK dyEKOHEH, TTO npexmoJa-
TaeT nepexoy mepBoro poxa (Kak exo u oGeTomT B peain-
HEIX TBeDIKIX Tejax), MAM PaspHBHA JAMb IpPOM3BOHA A
Iepsoro, mim faxe Gomee Brcokoro, mopsanka. Mmeercsa
6oxee cuapHAs aprymenranus Jlangay, ocrHoBanmas Ha mc-
IC3HOBEHAN TPAHCIANMOHHOE cHMMerTpum OpH 3aTBep[e-
BaHHY, Demanmas 5TOT BOIPOC,

ABYMEGDHOM Cirydae, KOT/a 3JIeMeHT 06beMa B k-poct-
PaHcTBe ectb kdk, momywaercs BHIDAa)KeHHE, BO3pacTaio-
mee kKak In n. Otciona mMosxHO CHeNaTh BHIBOJ, 9TO B JABY-
MepPHO# cEcTeMe He Gymer mambHero MOPAAKA U, ClIegoBa-
TOJIbHO, HO-BUEMOMY, HO Gy[AeT TOYKH IJIaBieHHmS, IToan-
Hee 3T0 T0Ka3aTeJbCTBO GHLIO YCOBEPmEHCTBOBAHO # 0606-
mero [[. Mepmunom *).

B cBssu ¢ atum BRBHBaOT YOuBIeHHe DKCHePHMEHTH
0 ancopOuud Trequs HA pPasIMIHBIX IOBEPXHOCTAX, WC-
TOXb3YIOIe MeHee YeM MOHOATOMHEIE TOKPHTHA. ITH BKC-
IIEPUMEHTH IEMOHCTPHPYIOT CBOHCTBA, OIpeJeIeHHO Tpes-
Hoarafonue HaJIAYAE TBEPHOH M KHIKOM dPasu ¢ Bechrma
peskuMm nepexogom. He 6ruo mpammrx TOKa3aTeJbCTB,
ITO0 31eCh NeCTBETENLHO CymecTByer mepexon TBeproe
TeJI0 — KUAKOCTH; IePUONAYECKAS CTPYKTyPa IOMJIOMK-
KU U NepHeHIHKYIAPHEe MOBEPXHOCTH KoXe0amms aTOMOB
Felns B KaKO#-TO Mepe [emaior CHCTeMY OTJIMYHO OT cuc-
TeMbI ABUKYOIUXCA B INIOCKOCTH B3aHMOJGHCTBYIOIMMIX aTo-
MOB, K KOTODO# JlaHHAs Teopms mpumermma. Tem me Me-
HE® T0 IIOCI YK U0 IPHINHOIE IepecMoTpa CTapoi aprymen-
Tafiu’m 06 OTCYTCTBHH TouK: OJIaBJICHAS B [BYMEDPHBIX CHC-
TeMax.

Hpumnocs npmmste Bo BEEMamme OOPAOK BeJWYWH.
[Mockoabky CPefHeKBafpaTuIHas QuyKkTyanus Bospacraer

*) Mermin D.// Phys. Rev.—1968.— V. 178.— P. 250.
4 P. Haitepac 97



¢ POCTOM 1, OHA JOCTHIAeT 38HAYCHHA a® IPH HEKOTOPOM KO-
geuroM n. Ho Tak Kak Bo3pacTaHme TOJbKO Jorapudmmge-
CKOe, C 3aBHCAIIMM OT TeMIePaTyDPH MHOKHUTEJIeM mepey J10-
raprdMoM, JIeTKO BHMETh, 4TO KOPPeIANAOHHAA INHA (11K
paccTosinme), HA KOTOPOii AMeeTcsA NIepuOJAIHOCTh B Pacmo-
JIO}KEeHAHU aTOMOB, COJEP/KAT YKCIOHEHTY, IOKa3aTeJhb CTe-
OeH¥ KOTOPOi#i MoKeT OHTH O0YeHb GONBIINM NPH HUBKHUX
tTeMmepatypax. Paccrosnme, Ha KOTODOM IOJieD:REBAeT-
cA TOPA/OK, XOTA X KOHETIHO, HO MOKEeT OKAa3aThCA dpes-
BHYAHHO GOJBIINM, U, €CIH OHO MPEBOCXOAUT pa3Mep mc-
mOJb3yeMoro Ha NpakKTuke obpasma, ToT ¢akT, 4TO 9TO!
paccTogHMe KOHEYHO, MOKeT IepecTaTb OBITh CYH[ECT—
BEHAEIM.

B nmi060if KOHEUHOH cucTeMe mepexoj He Pe3Kuii, a pas-
MHIT D0 TeMIEpPaTypPHOMY MHTEPBaNy, 3aBUCAMEMY OT pas-
MepoB cucTeMil. Mo;kHO OBIJIO IPEANOJNOAKHATHL, 9TO B HNE—
aIN3UPOBAHHOM Ciydae 0ECKOHEeYHOH ABYMEPHOU CHCTEMEL
mepexon Gyner pasMHT II0 TeMIepaTypPHOMY HHTePBaIy,
COOTBETCTBYIOIieMY PasMepy TOPAAKA KOPDPeIANAOHHOA
poausas. HaGaopasmuiics B 9KCOEPUMEHTAX IepPexof mnoc-
TATOYHO IOTMPOK, 4TOGH HE IPOTHBOPEYUTH STUM DPACCYIHK-
JeHnAM, a ero MHUPHHA, BEPOSITHO, ONPeNelaeTcaA HEOJHO-
POTHOCTAMM ¥ JAPYTUMH 9HKCIEPHMEHTAJIBHBIMI (aKTO-
pamm. .

Ha osrToii cTagun Kas3ajgoch, 4TO A ABYX H3MepeHMmi
TeopeTHYecKue BHBOMH 00 OTCYTCTBMH NAJbHEro IMODPAN-
Ka I Pe3Koil TOUKM IJIaBJIEHNA IPABUJIBHE, HO HE MMEIOT
OTHOIIeHNA K pmedcteurenpHocTH. Ho eme ofuH CIOPIPH3
6511 mpemopEecen craTheit Hocrepantia u Taymecca *). ns -
HalEX IedeHd HX pe3yabTaT MOYKHO COPMYIHPOBATH Cile-
nyiomuM o6pasoM. OGHUHO CHMMeTPUS KPHCTAIIOB IPOSAB-
aseTcs AByMA GIM3KUMH, HO Pa3indHbME criocoGamu. Onan
coco6 — HepHOAMYHOCTh B TOJOKEHNU aTOMOB, KoTOpas
NOKAa3HBAeTCH HAJIMYMEM OTUYETIMBHIX PEHTTeHOBCKHUX I
HeHTPOHHHX AudpaknuOHHEIX auHuA. [[pyroi — mocrosu-
CTBO KpHCTaJiIOrpaduiecKnx HAOpaBJIEHHH, TaK YTO pas-
JAWYHEBe IPAHA KPECTAJJIA WMEIOT TeH[eHIN0 OHTh mapa-
NeNbHEIME HIH 0GpPa3oBHBATH APYT C APYLOM AHCKPETHHI®
yran. (Ha npakTtuke mociexHee CBOWCTBO — HMEHHO TO,
9TO MBI 3aMeYaeM I UeM J06yeMcH, IJIAMA Ha KPUCTAJIEL.)

CrnepmoBaTenbHO, KOTePEeHTHOCTh HAIPABIEGHAA — OJIHO
W3 OPOABIGHNHA CYNECTBOBAHAA [ajJbHEro MOPAJAKA B HJe-

*) Kosterlitz J. M,, Thouless D,J,// I, Phys. — 1973,—
V. C6.— P, 1181,
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ANbHOM KpHcTanne. Paccmarpmsas OTIEIBHWH aTom m
KaKOo#-TO M3 ero GumKaimux cocefielt, MBI MOKeM 10 coeqn-
HAKNeH UX JIMHAY ONPE/IeIUTh OfHY M3 KpPHCTaJIJIorpagn-
4gecKux oceii. Eciu 3ateM B3sTh APYTOi aTOM, HaX ONAMHILCA
Ha DACCTOAHWM 71 IIePHOJOB DPENIETKH, MOKHO pac-
CMOTPeTH JWHUH, COGNUHAINME DTOT ATOM C ero Onusxaii-
IIAME COCeJIAMU, M HAWTH OAHY, HanbGojee 6m3Ko0 coBma-
AAIOIMYI0 ¢ HATIPABJIEHWEeM BEIGPaHHOM Kpucranaorpagu-
4eckoit ocu. IIpu nmeanbroOM nopagke yroa 0 Memnmy atum
BHODAaHHEIM HAIpPABJICHEEM W KpucTannaorpagugeckoi
ochio Oyner pasen mymwo. Ecin <0*> membme cBoero cay-
9ai{HOTO 3HAYCHHA, TO AarKe B npefene GOJXbIIEX 1 WMEETCH
OPHEHTALMOHHBIA TOPAXOK. B mamem o0Cy:KIennn, Ko-
TOpoe B Ka9ecTBe IPUMepa HAYaJI0Ch ¢ OTHOMEePHO I[enoy-
KH, 00 9TOM He yHOMUHAIOCH, TAK KaK B OHOMEDHOM Cay-
9ae HeT Pa3INYHBIX HATPABJICHMIA. [losToMy MbI HE 06Cysn-
AaJd BOIPOC 06 OpWEHTAI[OHHOM NOPAJKEe B JBYMEPHLIX
CHCTeMaX, 8 HaMeYeHHOe BHIIIE J0KARATENbCTBO HE HCKIIIO-
4aeT ero.

Heitcteurensro, moEo 3ammcars cxomuoe ¢ (4.1.6)
YPaBHEHHE NIl CPe[HeKBAAPATHIHOTO 3HAYCHHES 0, u st0
BHPaKeHWE IPU GeCKOHeYHOM BO3PACTAHHE N CTpeMHUTCS
K KOHEYHOMY Hpefely, yGHBAOMEMY NP HU3KUX TeMie-
parypax. Hocrepaurn n Taynecc menaror Gomee o0t
BLIBOZ. €CIIM MMEETCHA CHJIBHEIN OIWKHUIM NOPSAJOK, T. e.
€CIIM PacCTOAHHE KayKJ0r0 M3 aTOMOB OTHOCHTEIBHO €ro
CoCelell He CIAMIIKOM OTIMYAETCH OT TOTO, KOTOpOE JOJIIK-
HO OHITH B COBEPIIEHHOI penreTke, Toraa gake Ha 60abINMX
PaCcCTOAHMAX KPHUCTANIOrDadUUecKne oCH He MOTYT OHITH
IOBEPHYTEL HAa 3aMeTHHE Yros. 9To MOKeT Ipou3ouTn
TOIBRO 3a CYeT AMCHOKANUHE — MeCT, B KOTOPHIX MOJOMe-
HUe aTOMOB B IBYX pAfgaXx cOHBaeTcA m3-3a TOTr'0, 9TO OJUH
B3 HUX CONePsKHUT JMMIHMIt atoM. TakuM o6pasoM Bo3HRKA-
eT KoHpUrypanud, B KOTOPOil GNE;KHUIE TOpALoK cymiecr-
BeHHO HapyleH.

OJHEeprus [ucIoKaNmit KOHeYHa, U, CJe[0BaTeJbHO, IIPH
HIUSKHX TeMIepaTypax IJIOTHOCTb NUCIOKAMWI KCIOHEH-
OouanapHEO Mana. OgHako ¢ pocrom miIoTHOCTH JucIoKamuit
oHePruA, HeoOGxonuMan aus 06pa3oBaHMA K06GaBOYHEIX Jmc-
JOKanui, ymemsmaercs. Ilpm ysemmuenmu TeMIOepaTyph
IUIOTHOCTH AMCJOKAIMHA JOCTHTAeT TAKOTO 3HAYEHASA, OPH
KoTopoM JerKo o00pasyiorcs mob6aBodHbIe OACIOKAINN,
H B 3TOH TOYKE OPHEHTAMOHHEIH nopsapok ucuedaer. Cie-
AOBATEIBHO, KPOME YCTAHOBJIGHHOI0 HOBOTO (aKTa cymrect-
BOBAHMA PE3KOT0 Iepexofa B ABYMEPHEIX CHCTEMAX 5Ta
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féopma cosmaer HoOBOG mpencrasiénmé 6 Méxanirame maaB-
NeHHmA, KOTOPOe, HO-BHAJAMOMY, TAKKe MOkeT GHTbH IpH-
MEHHMO W K TPeXMepHOMY ciaydaio *).

4.2, Mmoyasce doHOHOB

XopoIno u3BECTHO, YTO TEIJIOBOe JBH;KEHHEe aTOMOB
KPHCTaJIWYeCKOHd pelmeTKu mpeAcraBisgeT coGoii Koue-
GaHuA pelIeTKN, KOTOPLIE C [OCTATOYHON CTemeHbI0 TOYHO-
CTH MOKHO CUATATh TAPMOHMYeCKIMA. HBAaHTH TaKoro /BH-
JKERHA Ha3HKBAT (OHOHAMHA, TOYHO TaK K€, KAK KBAHTH
9JIeKTPOMATHATHOTO HOJA — (OTOHAMM.

HBorsa MOMKHO BCTPETHTb yTBep)KAeHHE, 4T0 (OHOH
¢ BOJHOBHIM BeKkTopoM k oGaagaer umoyabcoM iik. Tak Kak
sHeprua (QoHOHA ecThb Aw, uan hcyk, Tae cy — Pasosas
CKOpPOCTBb, TO YTBEeP:K/AeHHe DPABHOCHIBHO 3afABJIEHHIO,
9T0 OTHOLIEHHEe MMIyJbca OHOHA K DHEPTHM eCTh Beju-
guHa, ob6paTHaa $as3o0BOii CKOPOCTH, HO 3TO MMEET CMBICI
TaKKe I B KjaaccmieckoM caydae. [IpaBuiabHO aM 370 yT-
Bepsxenne?

IToka aMoauTyna KojseGaHWil pelIeTKH XOCTaTOYHO Ma-
J1a, 9TOOH ypaBHEHHS JABMKOHUA MOKHO OHJIO0 CUMTATD JIH-
HeifHEIME, HamGolee yAOGHHIMEH NepPeMEHHHIMA JJA JTOH
3a7ja9M ABIAITCA 0600IEeHHNEe KOOPAWHATHL (), KOTOPHI®
B OHOMEPHOM CjIydae MhHl yKe MCIOJIb30BAJH B Pa3iloe-
gau (4.1.2). B rapMoHMYecKoM IpHGIMKEHAA 9TH KOOPAU-
HaTH He 3aBUCAT APYT OT APYyTa, & COOTBETCTBYIOIIME aM-
OARTYAR mpousBojabHE. C 9TOH TOYKE 3pEHAMA HMIYIBC
eCThb

p=Dymi, = N mcy D exp (ikna), (4.2.1)
n k n

rme m — Macca aromMa. Ho mocaegasas cymma oGpamaer-
cd B HYJIb, 3a HCKJIIOYeHueM caydaa k = 0. Iro caenyer

*) Ilepexon Kocrepamrma — Taywecca, Teopmeir KoToporo 3sa-
EaMalncA takKe B. JI. BepesmHCcKmii, B mOCHeqHNe I'OAK IPHBJIEKAeT
Gonpmoe BEMMaHMe, KpPaTKOCTH H3JIOKEHHA HTOrO BOIPOCAa aBTOPOM
sacTaBifer JOOAaBHTh HECKOJbKO CJI0eB. Bo-mepBHX, B [BYMEPHRX
CHCTeMaX OPH HUBKHUX TeMilepaTypax KOppeJANHH CHOAfaioT IO cTe-
IeHHOMY 3aKOHY C HOKasaTejeM CTeleHM, 3aBHCAINUM OT TeMmepa-
rypu. Ilo3TOMYy B CTPOrOM CMEICI® CJIOBA KOPPeIANHOHHAA ANHEA
OpE HHM3KAX TeMIepaTypax paBHa GeckomeYHOCTH. Bo-BTODHIX,
SHepTHA OHON MECIOKAIEH jJorapmfmmdeckn pacxopurcs. Homeuna
SHEprEA IapH Tomojormyeck:mx nedexros. IlosroMy mpm HEBKHX
TeMIepaTypax dKCIOHEHIHAJBHHO Maja IJIOTHOCTH map, 8 ONWHOYHEIX
RECIHOKAIMA HET CoBceM. PO)KAeHH® ONMHOYHOHE NUCIOKAIMHE CTa-
HOBHTCA TePMOJNEHAMEYIECKH BHTOAEEIM TOJIBKO OPH TeMIepaType
nepexoma Hocrepamra — Taymecca. ([Tpumew. ped.)
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H3 TOro, 4TO JOMyCTHMKe 3HaweHms / TAKOBHI, 4TO 01 Off-
HOTO KOHOA IeIOYKM aTOMOB 10 Apyroro ¢asa kz mpoGe-
raer Goabmoe gmcio nepmoaos. Ilo kpaiiueit Mepe Tak mo-
AYTaeTCA, KOT4a MCHONB3YIOTCH OVKJIAYECKUe I'DAHAYHEIE
ycuosua. lna womeunoi IeNoIKY HOpMAaJbHEIE Kojela-
HAS OKAa3HIBAIOTCHA CTOAIMMMU BOTHAMM, OJJHAKO OHM HOJIK-
HHI GLITh OPTOTOHANBHEH K01e6ammio ¢k = 0, kotopoe npej-
CTaBigeT coloii ogHOpORHOE CMeIenne Bced Iemoukn m,
TaKUM o0pa3oM, gBiagercs BOBMOJKHOI HOPMAaJbHOI Mo-
H0i HYJIeBOi YacTOTEL. Cnemosarensno, secn HMIOYJIBC OIpe-
AGIACTCA ONHOM MOMOH, KoTopas me ABJACTCA HWCTUHHO
doHOHROI, Tak Kak He CBA3aHa C BO3BpamamIei CHJION,
4 MCTUHHO (OHOHHEIE MOMIE BKJIaJ B uMOymasc e gawr. To
’Ke CLODABENIMBO B TPEXMEDHEIX CHUCTeMax u s GoJree
CIIOKHHX PEeNIeToK.

Ipvuunra, no KOTOPO# WKITAlOTCA Mpummcars dortony
mmoyake kk, Ta, 9To mMeercs meuto Bposie 3aKOHA CoXxpa-
HEHUA A CYMM BOJHOBLIX BEKTOPOB (OHOHOB M TaKuUX
K€ CyMM NI 9IIeKTPOHOB, HOTOHOB u APYTuX 06BEeKTOB,
C KOTODHIMH OHH B3aUMONEHCTBYIOT. ITO CBA3AHO C TeM,
T0 BeamumHa hle, xoTsa u He mBAseTCH UMIOYyJIBCOM, ecCTh
TO, 9TO 4YacTO HA3HBAOT KBaBUAMIOYIBLCOM.

Ero ¢umsmueckasn [IPAPO/IA MMEeT OTHOIIEHHE K TpaHc-
JAANMOHHOM CUMMeTpHu Kpucraiaa. Haxpeii sakom co-
XpaHeHAdA B usnke CBA3AH C CHMMeTDHeif; COXpPaHeHne um-
OyJIbca OCHOBHIBAETCH Ha O/IHOPOJHOCTH HpOCTpaNcTBa,
T. 6. Ha MHBADMAHTHOCTH ypaBHeHMi OTHOCHTEJHHO 3aMeHEI

Z,Y,2—>z+ b, y,z (4.2.2)

Ans aoboro b. Ecam ata UHBAPAAHTHOCTb HE UMEeT Mec-
Ta, HANpUMep, M3-3a HANMYAA BaaHHON TOUKE OPHI0s ke~
HEA CHJH, AMOYABC He COXDAaHAETCH.

Coxpamenme KBasUMMIYJbCa OTPakaeT APYryio cum-
MOTpHIO, a8 MMEHHO MHBaPHAHTHOCTD YPaBHeHMH npm 3a-
MeHe, Gmaromaps KOTOpOii Bce (usmueckwme cmoiictpa Ka-
Koro-nmubo aJjemenTa Cpefil (MexaHMYECKoe cMelleHne,
ITIOTHOCTH, 3JIEKTPAYECKOE W MACHATHOE OIS " T. 1)
IepexofAT B CBOHCTBA APYroro 9JIEMeHTA, PAaCIOJIOKeH-
HOTO HA paccTogHmm b:

f (x’ Y, Z) '_>f (I - b1 Y, Z) (4.23)

AnA 1060 BeawuunH f. YcaoBmem TaKOl MHBAPHAHTHOCTH
ABIACTCA OXHOPOXHOCTH cpexbl. Pasmwume Mexay (4.2.2)
u (4.2.3) B ToM, 4T0 BO BTOpPOM Carydae cpena He mepeasu-
raercda. B orcyrctme kakoii-nu6o Cpejrl, Hampumep, mis
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¢BOGOIHEIX YaCTHI NI CBETA B BAKYYME HOT Pa3inand MEK-
Ay MMOYIbCOM M KBAa3MAMIYJIbCOM.

B caywae kpumcraiana 3amena (4.2.3) ocraBiser ypas-
HeHuA 6e3 M3MeHeHHA, ecad MH MOKeM IpeHeOpedsr rpa-
HELIAMM U IPH YCJIOBHM, 9TO b KPaTHO MOCTOAHHOHR pemier-
ku. CaemcTBreM Toro akTa, 9T0 CMEIEHUE HE MOKeT GHTH
OPOM3BOJILHO MaJbiM, OKA3KBAETCHA TO, UTO KBASHHMILYJIbC
HE TOJHLKO COXPAHAETCH, HO MOKET MBMEHATHCA Ha BelHd-
qury Buja AG, rie G — Opou3BOJNBHEIH BeKTOp 00paTHOM
pemerknm Kpuctaina. Hampmmep, s o6cy:KIaBIIeiCs
OJIHOMEPHOII IeIOYKM AaTOMOB OHpejejeHHe HOPMAJbHBIX
Kooppitaar B Busie (4.1.2) me uamenutes, ecin K a060My -
13 BOJHOBHIX BEKTOPOB J00aBATh BEIMUUHY, KPATHYO 21/a;
4mesa, KpaTHHeE 27t/a, 06pa3yoT peuieTky, o0paTHYIO Ofi-
HOMEPHOH! pelreTke KpHcrajia.

Bo MHOTHX HpejcTaBJAKNIMX MHTEPEC 3afadax coxpa-
HAeTcA KaK MMIOYJbLC, TAK M KBasuummyiabc. B kagecrse
TUOMYHOrO IPHMepPa BO3bMEM poOskjeHne OHOHA IpU pac-
CesHNU HeHTpPoHA KPHCTAXACM. Ecam 5T0 mpomcxoiuT /0-
CTATOYHO JAJEKO OT I'PAHUIbI, TO KPHUCTAJJI ONHOPOJIEH M
KBA3WUMIYJALC coxpamserca. IlycTs HAYadbHHIA M KO-
HeUHBI NMIyAbC HeliTpora p u p’. Tak Kak HeTPOH AL
caabo B3aumMojeicTBYeT C BemecTBOM, 3TO, IO CYIECTBY,
cB0oGOHAS YaCTHIlA, €r0 MMIIYJBC M KBA3HUMIYJBC pPaB-
mH. IlosTOoMy oGpasosasmmiici (OHOH HMeeT KBa3UAM-
nyasc hk, roe

hk:p—p’. (4.24)

dro mpocTtoe mpasuao orTGopa jAelaeT HEATPOHH BecbMa
yIOOHKM HMHCTpYMeHTOM s m3ydenus ¢oHoHOB. OnHa-
KO IOJHH HMOYJIbC TAK}Ke COXPaHAETCH, U, CleJoBaTe]b-
HO, KPUCTAJLI (AJIA eCJIU OH 3aKPEILIeH, TO iep;KaTelib) H0J1-
JKeH IMOJYYATh HOTEPAHHHE HEATPOHOM HMIIYJbC, HaBae-
MBIt BHpaykeHuem (4.2.4). YumTeBag CKasaHHOE BHIIIE,
3TO O03HAYaeT, 4TO B JOMOJHEHWe K MoJe Qi HEeKOoTopoe
«KOJIMIECTBO BO3OYKIEHHA» NOKHA IpuoGpecT Moja .

Ecam opgHOBpeMenHO ¢ poskgeHneM (oHOHA KPHCTAILI
BCerja IMoJydaeT uMIyJanc 2k, To, MoeT GHTH, BCe Je0 B
ompeJie/eHnd, CIATATH WA HET ITOT MMIOYJIbC OTHOCHIAM-
ca k ¢ponony? Eciau 661 910 GbUIO TAaK, TO MOKHO ObLIO GBI
0)KMJAaTh, UTO IPH HM3BECTHOM MECTOIOJIO;KeRNH (oHOHA
(koHeuHO, NpuGAMBATETBHO, B Mpefeaax, MNOMYCTHMEIX
NPUHIUIOM HeONpeIeJeHHOCTH) er0 NMIYIbC NOJKeH GuL
6l OLITH JOKAJW30BaH TaM jke. JTo, BooOme TroBopsd, He-

102



BO3MO;XHO M3-3a JUCHEPCHN, T. €. H3-3a 3AaBHCHMOCTH CKO-
POCTA pAacOpOCTPAHEHWA OT MJAWHBI BOJHEHL.

Hycrs mpuumuo#t menmyckamms doHOHA CaymuUT, Ha-
npuMep, HEATPOH, KOTOPHI TIePBOHAYAIBHO JOKAIAB0BAH.,
N roneGamus pemerku, m HampaBJIeHHOE NBU;KEHHe, He-
Cylllee MMIOy/bC IOCTYHATEeAbHOTO [NBUMKEHHA, GYLYT J10-
KaJIN30BAHEI B O/{HOM 1 TOIi jke 06macTu, co3masas pacmpe-
Aesiedne CKopocreil Thua m306paskeHEOro Ha puc. 4.1z.

&

4.1. Pacnupepenenne cKopocreit UpA KOJeGAHUAX PeIIeTKH, BLI3BAH-
HBEIX JIOKQNIM30BAHHOW LIEPHOAMYCCKON CHJIONH B HAYAJBHBI MOMEHT
a), COycTA HEKOTOpoe BpeMsA (6) :

Onnako coycrs HeKOTOpoe HeGoTbIIoe BpeMsA OCLUJIATOP-
Has, T.e. co6CTBEHHO doronnas, gacte 6yner mepeMeniaTh-
CA CO CBOCH IPYNNOBOA CKOPOCTHIO, TOTA KAK 00JACTh Ha-
HPaBJIeHHOTO [BW;KEeHHA, o0pasoBaHHAsA Tropasmo GoJee
JVIMHHLIME BOJHAMH, Gy/leT mepeMelmaTsCa BIepes co CKO-
DOCThIO 3BYKa, KOTOpas Goxbuie rpymnosoit. Yepes mHe-
KOTOpoe BpeMs pacmpejeneHAe CKOPQCTEH GymeT Takmm,
KaK Ha puc. 4.16, u B CBABH ¢ 3THM COBepILEHHO HepasyM-
HO Ty 9aCTh JBUKEHNA, KOTOPASA MEPEHOCHT UMIYJIbC, CUM-
TaTh OTHOCAINEHCA K (oHOHY.

Ucnonssosats ator apryment Heo6X0/MMO0 ¢ HEeKOTOpOii
OCTOPOKHOCTBIO, TAK KAaK C TeYeHWEM BPeMEeHH BOJHOBOI
TaKeT KOHEYHBIX Pa3MepPOB Hem3(e:KHO pas3MEIBAeTCH,
U HY;KHO LOKa3aTh, 9T0 3a 9TO BPeMA ABa pacHpefeneHns,
Kak IoKa3aHo Ha puc. 4.1 6, pasoiinyrcs Gosee yem Ha MX
IINPUHY, MPAYeM OHHM He AO/UKHH HACTOJIBKO Pa3MBITHCH,
uTO0K JMKBHIUPOBATH pPas3phB. OnHAKO paccMoTpenne
IIOKA3HIBAET, YTO ITO YCJIOBUE YJIOBIETBOPHAETCH B TOM CIIy-
7ae, KOrJa JIMHA BOJHH (OHOHA HE CJMIIKOM BeJHKA,
4 Ha9aJbHAasA OPOTAKEHHOCTh BOJNHOBOTO HAaKeTa TOpPAa3fo
Gonbme mocrosHHOH pemerku. Crporo TOBOPA, PUCYHOK
UJATIOCTPUPYET TOJABKO KJIACCHUECKYI0 CHTYAIHI0, HO OT-
BET TOYHO NePeHOCUTCHA B KBAHTOBYI0 MEXammKYy.
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Orciona BuiHO, 9TO, 1O KpaiiHeH Mepe B rapMOHHYe-
CKOM OPHUGIMKEHNH, - ONPe/ieJeHIe, TPANNCHBAIONEe HM-
uyiabsc (oHOHY, OhuIo OH ¢EH3HYeCKH HempHeMJeMo.

Jlas MHOTMX IpOIecCOB B3aMMOJEHCTBHA TBEPAOTO Te-
JIa ¢ H3IydeHHeM, TaKHM, Kak OpHIII09HOBCKOE pacces-
HAe WA 9epeHKOBCKOE M3JydeHme, BEIBOAK, 06br7HO dop-
MyJnpyeMble B TePMHAAaX HMIyabca, HNPaBHJIBHEI, €CJu
AX HHTEPIPETHPOBATh ¢ TOYKH BPEHUA COXPaHEHAA KBa-
3EMMOYAbCA. JTO KaK pas XOpOIIO, TAK KaK HACTOANMA
HMIYJIBC CBETa B IpeJoMIIANIeil cpefie — 049eHb CIOKAAA
BejqmumHa. K cuacTelo, HaM He JYaCTO OPUXOAMTCHA HMHTe-
pecoBaThCs MOJHKM MMIOYJIbCOM TBEPHOTO Teja.

B T0 BpeMda Kak pasziuaue Me;KJy HMIYJIbCOM U KBa3H-
AMIYJAbCOM XOPOIIO M3BECTHO GOJBIIMHCTBY QU3MKOB, 3a-
HAMAIOMAXCA TBEPAHIM TEJIOM, B TEODHH KANKOCTeH mpm-
HATO CUATATh, YTO UMOYJILC mepenocutcsa ¢ouonamu. [lo-
3TOMY MHTEPECHO PacCMOTPETh 3aiady O PacAPOCTPAHEHNH
8BYKOBLIX BOJH B jkmAxocTd. 113BecTHO, 4TO MMEIOTCA [[BA
Pa3IMUYHHIX, HO SKBHBAJEHTHHX cHoco6a ONMMCaHWA J(BHU-
YKeHUA JKAJKOCTH, a MMeHHo crnocob Jitnepa u cunocob Jlar-
pamKa.

B narpammkeBHX HePEeMEHHHIX B JTAHHHI MOMEHT Bpe-
MeHH ! OIpeJeNseTCa MOJOKeHne dJIeMeHTa KANKOCTH, KO-
TOpHi B MoMeHT Bpemen: { = 0 HaxogumicA B HEKOTODOi
rouke R. Takum o6pa3om, HMeOT [eJI0 C BEKTOPHOH PYHK-
nuei

» (R, ?). - (4.2.5)

dra (QYHKUEA — KOHTHHYAJbHLIHM MpefeJa eCcTeCTBEHHBIX
nepeMeHHEIX JIf ONMCaHEA KoieGammit pemrerkm. Cmere-
Hne » — R ecTh KORTHHYAJAbHHIH IIpefel U,, BCTPeTAuBIIe-
rocs, Hampumep, B pasnoxeHmn (4.1.2). ITn mepemeHHL®
HKOBOJBHO HeYTOOHH ANA ONHCAHHA OOLYHOTO NBHKEHASA
JKMIKOCTH, TaK KaK JJIfA [OIEPeYHHX CMemeHHH HeT BO3-
BpAIIAoNeil CUJIBI, ¥ CMENIeHNe JEeTKO MOKeT CTaTh 09eHb
ooapmmuM. IloaTOMy oOKa3mBaercd, 9TO AOBOJBHO CJOMK-
RO 0O6HAPYUTH, Ky/ia IONAaJ onpefeJeHHbId 3IeMEHT K-
KoctH. B ciyuae mpofonbHBIX 3BYKOBEHIX BOJH (B OTCYT-
CTBHEE NPYTUX ABMIKEHHH B KHAKOCTH) YPaBHEHHA BECbMA
UPOCTH m, OYNAydYH JMHEADPH30BAHHRIMA MO MAJOH aMmimin-
Tyle, HACHTAYHE YPaBHEHAAMH JJIA YIPYTuX BOJH B TBep-
noM Tenre. HeymusuTedbHO, YTO MH HO-TIPEKHEMY HOIY-
yaeM HYJIEBOH HMIYJbC.

MoskHo copMyampoBaTh 3Ty Ke 3aJady B dAIEPOBHIX
lLiepeMenuEX, KOT/la CKOPOCTh % W IOTHOCTh P CYTh QYHK-
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Itum gpoctpanctbennrtx Roopiunat m spemenn. Torna ypas-
HeHHUA [BHIKEHUA HEBABKOH IKUIKOCTH eCTh

i+ (u-V)u 4 —;—Vp:O, 0+ Vpu)=0.  (4.2.6)

st 3BYKOBHIX BoJH HEGOJIbIOION aMOJHATYAB CKOPOCTH U
MaJi ¥ OTKJOHEHHEe OT HOPMAJBHOH IUIOTHOCTH TOKE Ma-
16. Ecan sanucats

p=1po(1+n), (4.2.7)

TO % ¥ 1 MOKHO CYMTATh BeJMYMHAMHA IEPBOTO IOPSIKA
MaJoCTd, N HDpeHeOpedh WieHaMH BTOPOTO mopamka. lloc-
le 9TOTO MOJyYaeMm

u+c2Vn=0, N4+V.u=0, (4.2.8)
rae AJIA KPaTKOCTH 06GO03HAUEHO
¢ = dpl/dp, (4.2.9)

¢ — CKOpOCTh 3BYKa. TwWOmuHOe pemenme ypaBHeHmil
(4.2.8) ectn

Uy = Acos k (x — ct), n = (A/c) cos k (z—ct). (4.2.10)
IlnorHOCTS MMIyNBCA paBHA
Pux = po (1 + 1) uy,

a ee cpe/lHee 3HAYEHHE [0 NPOCTPAHCTBY WJIH MO BPEMEHH
ectb PgA?/2c, KoTOpOe OTIMIAETCA OT MIOTHOCTH DHEPTHH
muEoxnTeneM 1/c. (OgueBmpgHO, B OCHOBHOM opubamxernu
CPefHAA IJIOTHOCTh KMHETHYECKOHd DHEPTUH ecThb pod2/4,
a XOpoIIo M3BECTHO, 9TO OPHM TAPMOHMYECKOM IBH’KEHHN
CPeAHAA KUHETHYECKAs M HOTEHIHANbHAA ODHEPTHH paB-
HEHI. )

Ecan 10 pBmkenme xBaHTOBaHO, sHeprums, OpUXO0LA-
mascsA Ha ofimH QOHOH, ecTh Aiw = fick u, ecim oTHOmerRMe
AMIOyABCa K 9Hepruum pasHO 1/c¢, aT0 cooTBeTCTBYeT HauM-
amio mMnyiabca ik y xamporo gonona. Takum oGpasom, Ml
HPAXOMM K yINBUTEIBHOMY PE3YabTATY: B ;KHIKOCTHE (o-
HQH 1160 He J0/KeH EMeTh UMIYJIbCa, Au60 obmamaer uMm-
mynbcoM ik B 3aBECHMOCTH OT TOTO, KaKHe IepeMEeHHHe
(w3 ABYX OKBHBAaJIEHTHEIX HAGOPOB) MEI BRIGpaJn.

Yro6r mORATE 3TOT MapaoKc, HEOGXOMAMO BCIIOMHHTE,
9TO mepexoj OT JHJIEePOBHX K JarPaHKeBHM MePeMeHHEM
HequHOHHLA. (19 MaaHX aMOIATYR wieHH IIepBOTO 1I0-
PANKA MaIOCTH SKBHBAJNEHTHH OpH oGonx ommcanmsax. Ox-
HAaKO eclM B DiJIEPOBHX IePeMEHHHX BHGDATh pemenme
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(4.2.10), conep:xamiee Julith BOJAY ¢ BOIROBEIM BeKTOpoM K
¥ He yYaThiBalollee PAaBHOMEPHOTO TeUeHUsd, TO, Iepexols
K JarpaH;KeBHIM mepPeMeHHKIM, MLl He II0JyJaeM COCTOAHUS
TOJBKO C OJHON BO3OY:KIeHROH K-MOJ0i: CKOPOCTH COMep-
JKHAT BKJAJ BTOPOTO MOPAJKA MaxocTh OT q,-Moas. Haobo-
por, ecau B dopmanandme JlarpaH:xa HayaTh C ABHIKEHUA,
3aJJaHHOTO TOJILKO O[O MOJO#, TO pe3yabTaT mepexoja K
pitnepoBkiM mepemennniM Gyper He B Busie (4.2.10), a B Buge
BLIP&KEHMA, NOMOJHHUTEJILHO COMeprKaniero Maliblii obpar-
HEI HOTOK, KOTOPHI KOMIEHCHPYeT PacCYUTAHHBIA HaMH
MMIIYJIbC.

Takad cuTyauua BO3MO;KHA TOJHKO M3-3a TOTO, UTO
olcaHV¥e 3BYKOBOT0 MMHOYJbCA B ;KHTKOCTU HEONHO3HAU-
HO. B mcmoab30BaHHEIX HAMU yPaBHEHHAX HET JUCIEPCHH,
T.€. CKOPOCTH PACIPOCTPAHEHNA HE 3aBUCHT OT JJIMHEI BOJI-
HBI; AJISl KOPOTKOBOJIHOBOTO 3BYKA OHA TaKad ke, KaK /A
MeqJIeHHO MeHMNeroca mojsa ckopocrei. Eciaun k 3Byko-
BOMY MMIYJBCY MBI J00aBAM OJHOPOJHYIO CKODOCTH, KaK
Ha puc. 4.1 a, To oHa Gyjer mepeMemarsCca BMeCTe CO 3BY-
KOBHIM UMIYJIbCOM 1 He Gy/eT oTneasaTscs (cp. ¢ puc. 4.1 6).
B aroM ciygae BHIGOP ONMCAHWSA 3BYKOBOH BOJHHEI — BOI-
poc ompefejieHns, a dANTEPOBH M JarpaHKeBLH HepeMem-
HEIe TIPOCTO NPENOCTABJIAIT Pas3JndHbIe BO3MOKHOCTH, M3
KOTOPHIX MOKHO BOCIOJB30BaThCA Hambosee HPOCTOM.

IToaToMy ME He GyiaeM yauBJjedb, OOHADPYKHMB, UTO B
cayuae HempepHBHON M, CjefoBaTeJbHO, OeagucriepcHoOR
JKAKOCTH o0e TOYKHM 3pemmsa coriacyiorca. B wacrmocTm,
B JBY/KAJKOCTHON TEODHM CBEDPXTEKYdero reins IPHHATO
CUNTATh, YTO (OHOHH MEPEHOCAT uMIyabc Ak. 1Ipm o6sra-
HOM HU3JOKeHWH CO3[aercs BoedaTJeHHme, YTO 3TO CYIIecT-
BEeHHO [ Teopu:. DEIIO GH HEOKMOAHHBIM, €CJIZ OBl 3TO
OLLIO TaK, eCJd NPUHEATH BO BHUMAaHWE HAII BEIBOX O TOM,
9T0 3TO0 — BOHPOC ompeneieHusa. [[aHHAA cuTyaunsa GbrIa
usydena Teaayurom¥), KoTopuii yGemmicsa, 9To myTeM
3aMeHEl MEPEeMEeHHBIX YPAaBHEHHA [BYKAJTKOCTHOH IMIpO-
IWHAMHKHE MOTYT OBITh HEPENHCAHHBI TaK, 4T0 OHOHH He
nepeHocAT mmmyiabca. Ilpu Takoil mepegopmMyInpoBKe BCe
¢fusuyeckme pes3yIBTATH OCTAIOTCHA 6e3 M3BMEHEHHs, HO Om-
pefiesieEne, 0O KOTOPOMY IPOMCXONUT pa3feleHne IHOTOKA
Ha HOPMAaJbHBIM M CBEPXTEKYYHil, MOJKHO OBITH COOTBET-
cTBylOmEM oGpasoM mogoOpaHo.

B peanbmo#l ;KEAKOCTH, KOHEYHO, €CTh AUCIEPCHA.
Hasxe B sxuaKoM reann GblI0 06HapyKeHO N3MEHEHHEe CKO-

*) Thellung A.// Ann. Phys.—1980.— V. 127.— P. 289.
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poCTH 3BYKa B 3aBHCHMOCTU OT BOJIHOBOTO BekTopa. [lo-
9TOMY HAJ[0 O}KHAATH, 94TO CBOOO/Ia BHIOODA TEPAETCA W 4TO
MBI He BOJIBHEI 3aJaBaTh COCTOSIHEE (JOHOHA C IPOM3BOJb-
HEIM BMIOyJabcoM. Ecam pykoBomcrBoBaTheA aHaJoTrHeit
¢ poHOHAMHA B KPHMCTAJNJI3X, BOBHHKAET MCKYIIeHHEe IOBe-
PHTh, 9TO ONATH UMIYJHC /OMKEH OHTH NPHHAT PaBHBLIM
HYJT10. ITO AEHCTBUTENHHO TAK, €CJIN GLITh yBEePeHHEIM, 9TO
JarpaHKeBO ypaBHEHHE IBUKEHHS HO-OPEKHEMY JHWHeH-
HO, a 9TO, KaK MKl BHAeNH, MOJpPa3yMeBaeT, 4TO ypaBHE-
HEe Jillepa TaKOBHM HE ABJIAETCA.

Jlanee, n3BecTHO, 9TO KAK B KPACTANIAX, TAK U B JKHA]-
KOCTAX TapMOHHMYECKAsl TeopHsA — TOJAbKO NpuOIHsKe-
HAe W 9TO B [EAICTBUTENBHOCTH B YPABHEHUAX [BIKEHHA
EMeTCs HeNWHAeilHe wiensl. B KpucTamiax 5TH YJIEHE
ORLIN WCCIEMOBAHB, OHH, RAIOPHMEp, OTBETCTBEHHH 3a
KOHEYHYI0 TeIJIOHPOBOMHOCTh HMOEANBHEX KPHCTAJIOB.
MNsBectHo, uTo HenmHeHHLIe WIeHH OTBETCTBEHHHI 33 KO-
HEYHOe BpPeMA KN3HHU CBOOOIHOTO OHOHA, TAK KAK HMEHHO
OHH OOpefeNAI0T MPOIEecCh, B KOTOPHX JaHHBII (OHOH
pacigemiserca Ha ABa niu Gosiee GOHOHOB WJIN COSUHALTCH
C OJHHM HJIF HECKOJbKMMH [ApyruME (QOHOHAMM, eCJH
TAKOBHIE IMEIOTCA. JTO MOKeT OBITh IPUINHON OrpaHmIeH-
HOCTHM HallleTo J0Ka3aTeJIbCTBA, €CJIU BPeMs Ku3Hu POHOHA
OKa3BIBaeTCsA MeHBIIe BPEMEHH, 3a KOTOPOE BOJHOBHIE
makeTsl Ha puc. 4.1 moamocreo pasoiigyrea. Ouenkm,
OJHAKO, HOKA3HBAIOT, 9T0, 0 KpailHeil Mepe OpM HE3KHUX
TeMIepaTypax, 3T0 OorpaHuYeHme HeCYNeCTBEHHO. B Toir
CTeNEeHH, B KOTOPOX aHrapMoHM4YecKHe 3(PeKTH JOJKHEL

" OHTH YUTEHHl, OHH, MO CYIIECTBY, OTPAHMYUBAIOT TOYU-

HOCTB, C KOTOPO# MOKeT OHITH Ompe/e/ieno ogHOPOHOHHOE
COCTOSIHME.

BoaMmoykHO, HenmHeliHbe WieAH NOPHBOAAT TAKKe K
apyromy peayabrary. UToOH yBHAETh 3TO, 3aMETHM, 4TO
B IPe/ICTaBIAIIEM YACTO TEOPETAYECKH M HHTEePEeC, HO MPOC-
TOM CjydYae ;KHJKOCTH, IJId KOoTOpod ypaBHeHms Jlarpam-
JKa CTPOTO JMHEHHH, HO o06JamaloT qucnepcuei, ypaBHe-
HOA Jiinepa, KaK MHl BUe/u, HeIuHekHw. B dopmanmuame
Jdiinepa, CIENOBATENBHO, MBI HMEEM JI€J0 C ledNHeHn LIMu
YPaBHEHHAMH, KOTOpHE BooOmie me JOImyCKaloT CTPOro
uepuoguiecKux pemeHuir ¢oHOHHOro Tmma. Torga ¢GyHK-
unn Baza (4.2.10) ABAATCA TONbKO UPHGIMAKEHHLME pe-
mernaAMn. OQHAKO W3 JaHHHX, NOJYYeHHHX B JarpaHiKe-
BoM opMasn3Me, MBBECTHO, YTO CYMECTBYET CTPOTO IEPHO-
AnYecKoe 1 He CBA3aHHOE C HMOyJabcoM) pemernue. B dop-
Maiamame Jiiiepa TaK0e pemeHue JOHKHO COJAep:KaTh KPo-
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me JBmxenna BAAA (4.2.10) qononEmTenbEbIR Madn AR~
HOBOJHOBHIA BKJaJl, KOTOPHE GOyxer KOMIEHCHDOBATH
HMIYJABC W OPHBENET K CTPOTO MEPHOJUIECKOMY PeIIeHAI0
HeJHHEeHHOTO ypaBHeHHMA. MOryT Jm HeamHeHHbIe WIOHE
B ypasHenusx Jlarpam:ka mpmBecT:H K CXONHOMY Pe3yib-
taty? TpymHO 0XEAaTH CTPOro mEpPMOAMYECKOTO: PeLICHHS
Ip¥ HAJWMYAM OPOM3BOJbHOM HEIAHEHAHOCTH, HO, MOKET
OrITH, fen0 oGCTOMT TaK: pemeHme, Golee Gau3KOe K Ime-
PHOAUIECKOMY, NpeACTaBaAOmee co0oil [0JTo >KuBymui
domon, TpeGyer moOmpaBOK, KOTOpHE OKa)KYTCH 9aCTHIO
MOJIHL @, W, TAKUM o6pa3oM, 3To peimienme OymeT WMeTh
HeHy/1eBod mmuyabc. fI He 3HaW0, Tak am 5T0, MOITOMY He
VCKJII0YeHH NajJbHeHmue CIOPUPHSH ¥*).

4.3. OnexTponHMii JMaMArHETH3M

Bompoc o noseerun cBo6oHHX BIEKTPOHOB BO BHELI-
HeM MarHuTHOM IoJie laBHO mHTepecyeT ¢msnkos. Tak Kak
OpOUTEHI 3J1eKTPOHOB CIAPAJIEBA/IHE, HX IPOEKINHA Ha IJI0C-
KOCTh, HEPUEHAMKYAAPHO NOJI0,— OKDPYKHOCTH; MO~
HO O}KHJaTh, 9TO Aake Ge3 y4era CIMHA 3JIEKTPOHKE MOTYT
MMOTh He PaBHHM HYJII0 MAaTHHTHEHM MOMEHT.

IIpm BauBHOM mORXORe MOKHO OGHUIO MpPEANOJOMKHTS,
9TO HOCKOJABKY pagHyC COPOeIMPOBAHHOH OPOHMTH r =
= v/20L, THe UV — CKOPOCTh B IJICCKOCTH, IIePIEHIAKY-
JAPHOH NOJI0, & ®7, — JaPMOPOBCKAasA 9acTOTa, T.O.

r = mv/eB, ' (4.3.1)

TO OPOMTANBHEIA MaTHATHHIA MOMEHT | JOMKeH GHTH paB-
HEIM eUr, Wil

p = mv¥/B. (4.3.2)

JTOT OTBET HECOMHEHHO alcypjeH. 3HaUeHHe | He 3aBH-
CHT OT 3apAfa 3JeKTPOHA M YMEHBINAeTCA LIPH yBelamde-
HAN [0JIA, TAK YTO MAaTHATHHIA MOMEHT |\ oOpamaercsa B Gec-
KoHEeYHOCTh npd B = (!

Omnb6xa mpomsoma m3-8a TOTO, 9TO MBI PaCCyHKAaMH
C TOYKHU 3POHHMA 3aMKHYTHX op6ur. Ecam Mu mmeeM feso
C OTPaHUIEHHOM 067aCTHIO IPOCTPAHCTBA, TO JOJKHK pac-
CMAaTPUBATh He OPOHMTH, IEHTPH KOTOPHIX PaCIOJOKEeHH
BHYTpH 3TO#l 006acTH, a BIEKTPOHBI, KOTODHE B AaHHEIH

*) Co BpeMeHN HANMCAHAS KHETH STOT BONPOC GHJ BHACHEH
W, MedCTBHTENbHO, GHanEHOBHE CIOpupHM3n. PesymbraTH omy6am-
KoBaHH: Peierls P. // Proc. Roy. Soc.— 1983.— V. A390.— P. 1.
({Tpumeu. asmopa K pycckomy usdanuio.)
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MOMEHT BDEMEHH TaM JeHCTBATEILHO €CTh, I'Zle GH HE OKa-
3a1uch neHTPH ux op6mr. Ilpm B — 0, xorma dopmyna
(4.3.2) repmuT Takoit COKpymHTEeNBHHE Kpax, op6uTH
OpaKTH49eCKH OPAMOJMHOHHE, a WX IEHTPH OYeHb Haje-
Ko. Jra ommbka maBHO OHIa OGBACHEHA W HCIpaBIeHa
I'. A. Jlopernem, ma KOTOpOTO CchIaeTrca Mmcc BaH-Jle-
BeH *), a taxke Huiabncom Bopom B Komenraremckoit muc-
cepraguma 1911 r.

Ha pumc. 4.2 nokasanma mpamoyronbHas o6xacTs ¢ pa-
RoM KpyroBeix op6ur. Hexoropsie m3 op6uT pacmomoxens:

4.2. JIBymMepHOe pBHIKeHHe
3JIGKTPOHOB B IPAMOYTOIbHOM

¢AIIAKe» B MArHATHOM IoJe. O
[Bmxenrme mo Kapo# BHY- Q
TPeHHe# op6HTe mo dacoBoH

CTpelIKe [co3fjaeT MajICHBKEI O
MarHMTHHI MOMEHT, JBHKe-

HA® 0 MOTPaHHYHONX op6uTe
IPOTHB 9acoBO# CTPENKH Co- O O
spaer Goabmol MarEATHEIR

MOMEHT

OeMMKOM BHYTPH 9T0ii ob6mactm. Hexoroprie — mou-
HOCTBIO BHE, W MMH MK mHTepecoBaThca He Gymem. Hexo-
TOPHIE IePECeKaloT TPaHUIy; PAX TAKUX OpOAT mMOoKasaH Ha
pucyrke. MoHO paccMarpmBaTh IpPAMOYTOIBHEK mpoc-
TO KaK BHODaHHYIO IJIOMAJKy AJfA IOACIeTa 3JIEKTPOHOB;
B 3TOM CJIy4ae 3JeKTPOHH BXOHAT M BHIXOAAT M3 Hee, HO
HX Hajf0 YYATEIBATH TOJBKO TOTHA, KOTAA OHM HAXOXATCH
BHYTDH, T.6. KOIa OHM DACIIOJIOKEHH HAa TeX YacTAX Op-
6ur, KOTODHe BhIeNeRH KEPHEIMA AmEEAME. Vgm MoK-
HO paccMaTpUBaTh MPAMOYTOJbHAK KaK AIMK C OTPaRAT0-
IUMA CTeHKAMH, TOIfia KAPHAsA JHHAA 06pasyeT OmHY
OPOHTY HEKOero 9JeKTPOHA, Y/epIKMBAIONIETOCs BHYTpH
AAKA ¥ OTpaKawomerocs ot creHok. CymMmMapHOe pacipe-
JieJieHne TOKA OJJHO W TO K6, HO BECTH 0GCYieHHe y100-
HEee COTIacHO BTOpoMy cmocoly ommcaHEA. B aToM ciyuae
KEDHAaA JnHHUA (opmmpyer opmy Goxbmyio opbury, Ko-
TOpas 06XOAHTCA B HaNpaBNGHAR LHPOTHB TACOBOMH crpe-
KH, ecad IABAKeRWe IO KPYTOBHIM OpGMTAM COBEpHIAETCA

*) Uan Leeuwen J, A,/ J. de Physique,—1921.— T. 2.—
P. 361,

—
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[0 4acoBoi cTpeiKe. Ecam dIeKTPOHH PacHpeNesieHsl CIy-
yaiiHO, TO YECI0 OpOmMT, HDepeceKalmuX TrpPaHANY, OTHO-
CHTEJIBHO MAJ0, HO JJEeKTPOHHI [BIKYTCA BOKPYr Goiib-
mo#t 3aMKHyTO#H ofmacTé, mOdTOMY OOA3aHHHIEA MM Mar-
BUTHH#E MoMeHT BeauK. CiefoBaTelbHO, HPaBIomofo0HO,
YTO OHM MOT'YT KOMIIEHCHPOBAaTh MAaTHUTHHH MOMEHT, CO3-
daBaeMblii [BEKeHHEM ODJEKTPOHOB IO KPYIOBHM op0m-
TaM, KOTOPHE He KacaloTCs CTeHOK. JTO MOKHO IPOBEPHATH,
HO BHYMCJEHHA IOCTATOYHO T'POMO3JKH.

Ects Gonee mpocToe m ropasmo Gouaee obmee moxasa-
TeJBbCTBO, Oa3HpyOINeecs Ha CTATHCTHYECKOA MeXaHMKe.
Mmu 3HaeM, UYTO B COCTOSHHH CTAaTHCTHYECKOro pPaBHOBE-
CHg MAarHUTHEIA MOMEHT CHCTeMHl eCTh

u =—0oF/dB, , (4.3.3)

rne F — cBobognas smeprusa I'easmroasma. B crarmeTm-
ke BoanbsMaHa cBoGO{HAA DHEPIUs B pacueTe HA OJUH dJIeK-
TPOH ompefeaseTcs BHPaReHHeM

Z—exp (— BF) = {exp [— BH (v, P)1d*r dp, (4.3.9)

rie, Kak obwuno, p = 1/kzT, a H — ramunpToRnaH. UH-
Terpaa Oeperca mo BceMy (asoBoMy IPOCTPAHCTBY.
B MarEETHOM HOJie TaMHEJIBTOHHAH MMeeT BHT

H=U (i) + 5 (p — eA), (4.3.5)

rge U — noremnmainbHasg dHEPTHs, BKIOYAKIAA OTTaj-
KUBaHWe OT CTEHOK, eciu TaKoBoe mMeercs, a A — BeK-
TOpHH# noternuai. Ecam moxcraBurh (4.3.5) B (4.3.4) m
3aMEHUTH NIEPEMEeHHY0 WHTeTPHPOBAHHMA P HA

gq=p—ed, (4.3.6)

BHJIHO, YTO MHTErpaj He 3aBUCHT OT A H, CJIel0BaTeJbHO,
HAMarHW4eHHOCTH, KOTOPAs ONmpeJessieTcsi ¢ MOMOMBIO BHI-
paskenus (4.3.3), obpamaercss B HYJIb.

Ilpuunea, mo KoTOpoi Takoil cmoco0 pacueTa MArHHUT-
HOTO MOMEHTA Jy4lie PACCMOTPEHHOTO BHIIIE, Ta, 4TO 3[eCh
HHTETPAPOBAHME CTATHCTHYECKOH cymMul (4.3.4) BHIIOJ-
usercsa o mufdepenumposanus mo B. Crarmcruueckasn
cyMMa Z He CIHMIIKOM YYBCTBUTEJAbHA K HAJNYHMIO TPAHUIE
33 MCKJIYEHMEeM TOro, YTO TpaHMUIA OHpefelseT mpene-
Al mATerpmpoBaHdsa. Ecam gupdepermupoBath mox 3HA-
KOM HHTerpaja H, CJIe[0BATEeNbHO, NPOCIEKABATH M3Me-
HeHAe KayK[o# OpOUTH ¢ MATHETHEIM NOJeM, T0 O6iam3kme K
rpasnne opouTH MOMHOCTBI0 MEHAIOT XapaKTep, Korga npu
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N3MEHEHMA DafAyca OHH NEPECeKal0T IpaHALy. 10 —
OPUYAHA WIJIOCTPUPYeMO#R puc. 4.2 YyBCTBUTEJIBHOCTH K
HaJMYAI0 TPAHAIBL _ ‘

Ham BEBOJ 0 TOM, 4TO B KiacCHYECKOHl MeXaHHKe HE
MoKeT ObITh HAMArHMIEHHOCTH, CIPABeMJIUB TaKke IpPH
HaJIMYAHA B3aHMOJeHCTBIA MeRIY YaCTUI{AMM; OH PacIpoCT-
paHseTca m Ha caydaid gepMmueBcKoil mam 6G03eBCKoi cTa-
TACTUKN. HOHEeYHOo, 3TOT BHIBOJ HENPUMEHHM K TAKHM CU-
‘TyaluAM, Kak paccMoTperHas Kiopm, korpga moctynmpy-
'eTCS, YTO aTOM KMeeT BHYTPDEHHUH MAaTrHHTHHIA MOMEHT,
11 He fleJlaeTcsA HOUHTOK O0BACHHUTH €ro MPOMCXOXKIeHHE.

Xopomo u3BECTHOE AOKA3aTeNbCTBO, KPATKO M3JI0KEH-
¥O0g BHIIe, II0 CYIECTBY, KIacCHUeCKOe, H MOIKHO O3KUIATh,
<TG B KBAaHTOBOIl MeXaHHKe oTBeT OymeT Apyrum. Bmauaie
\OBIJIM COMHEHMsI B OPMIOKMMOCTA KBAHTOBOM MEXaHHKH K
:3TOH 3afaue, TaK KaK IPOBAJ «HAMBHOIO» LOAXOfAa M HJ-
JocTpEpyeMas puc. 4.2 cHTyanmus, Kas3ajoch, YKa3hBAKOT
Ha TO, 4TO HEOOXOXMMO KOPPEKTHO YYMTHBATHL TPAaHAY-
HHe ycnosus. IIpm HanmumE MarHATHOrO HOJS pemeHHE
ypasHennsa [[IpenmnArepa njs 2JeKTPOHOB B AMMKE A0CTA-
TOYHO CJOJKHO. .

ITosromy GHIO HPHATHEIM CIOpHpPH30OM, Korpa Jlampay
IOKa3al, 9T0 OTBET MOKeT GHITh HOJyYeH COBCEM IIPOCTO,
He 3a60TACh JeTaTbHO 0 TPAHMYHEIX yCI0BHAX. B aTOM HeET
HHYero yauBHTeIbHOTO, W Jlammay He Owa yauBiIeH, Tak
KaKk OH NOHMMAaJ IPEMMYINEeCTBO BBHIYHCICHHA CBOOORHOMN
9HEPru¥ ¢ HOCJIEYIONIM HCOO0Jb30BAHMEM COOTHOINEHHS
(4.3.3). Ograxo MHOTHE BHpa)kajJH COMHEHHS HACYET He-
YYBCTBHTEJBHOCTH 3TOT0 MeTOfa K TPDAHMYHKIM YCJOBH-
AM, @ OPOILIO HEKOTOPOe BpPEMs, Mpekie 4eM pesyiabTaT
JIaHnay Honaydnn BceoOmee mpusHAHMe.

Yro6sr monyumts orser Jlampay,, PAcCMOTPAM CHauaIa
JBIKEHHE B INIOCKOCTH, NEePHEHIHKYJISAPHOA MATHHUTHO-
'My moalo. Tak Kak KiaccmdecKoe [BW;KeHWe OPOCTO Ie-
|PHOiNYeCKOe ¥ YPABHEHHS MBMKEHUA JWHEHHH, Cpasy
MO}KHO CHIeJaTh BHBOJ, 9TO COOCTBeHHEIE 3HAUEHUA DdHEP-
THAA ecTh

1 ) B !
En=<n+T) 2 L — (2n + 1) psB,
n=0,1,2..., (4.3.7)

rhae pp — marmeroH Bopa. Ha Geckomeunmo#l miockoct:
©ecTh 0eCKOHEYHOe BHPOKIEHHS, T. e. HMeeTcs 0eCKOHEYHO
MHOTO COCTOAHWHA, OPHHANJERAMUX KaKIoMY coOCTBEH-
HOMY 3HaueHMI0 dHepru: (4.3.7), B COOTBETCTBHE C TeM,
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4T0 KiaccmyecKas Kpyrosag opOmra Mosker O HTH pacros
J03KeHA B ILIOCKOCTH Tie yrogso. Ecam miomanb orpa-
HWYeHa, MHOTHE COCTOSHHA OyAyT JajleKH OT T'PAHMILH,
M UX 9HEPIHA HO-Ipe;KHeMY OYAYT OHOpefelATbCA TOH jKe
dopmyaoi (4.3.7). Te, KoTophe J0KaJM30BaHH BHE Trpa-
HOOH, He CymecTByoT (mam Giarogaps OTTalKMBAaTeNdb-
HOMY HOTEHIMAJy CTEHOK HMEIT O4YeHb BHICOKYIO 3HeEp-
ruo). [Jas Mamoil YacTH cOCTOSHAH, JIOKAAM30BAHHHIX
OKOJIO CTeHKH, PHEePIHA HEeCKoJbKo oTamiaercd ot (4.3.7),
HO C TOYKHM 3PEHUA CTATHCTUKHA STH COCTOAHMA HECYIeCT-
BeHHH. OTO HMEHHO TO MeCTO, Tie cpabaTHBaeT cXxeMma
BHIUACJEHASA CTAaTHCTHYeCKOo# cymmul o Auddepernupo-
BaHHA No B, W WMEHHO HA 3TOM BOOpPOCe KOHIEHTPHPO-
BaJI¥ BHIMAaHKe Te, KTO CKeNTHIYEeCKH OTHOCHJCHA K Pe3yib-
raty JlaEmay.

CremeHb BHIPOKIEHMS MOKeT OHTH YCTAaHOBJEHA H3
yCIOBHA, YTO YMCIO COCTOSHHA B MHTEPBAaje SHEPrHi,
60JBIIOM 110 CPABHEHHIO C PACCTOAHNEM MEKAY YPOBHAMH,
HO-Ipe;KHeMY [OJKHO GHITH TeM jke, YTO M B OTCYTCTBHE
MATHUTHOTO IOJfA. JTO NPHUBOAUT K BEIBOALY, 4T0 Ge3 yde-
Ta COMHA WNMEeTCH

G = eBA/2nh (4.3.8)

COCTOSIHHH ¢ OfHON m Toit e smeprumed E, B obmactm
¢ IIOmAanbio, paBHOX A. ITOT pE3yAbTAT TOMKE MOKHO
mpoBeputh, paccMaTpuBas ABymepHoe ypasmenme Illpe-
nuErepa B MaruTHOM mose. (CM. opurmmanbEY0 paGory
Jlanpay *) mam xmmry Ilaiiepica **).)

IpuGaBisis KAHETHICCKYIO SHEPrUI0 [BAKEHAA B Ha-
IpaBJeHE: MATHUTHOTO IO, B ClIydae cratucTakE Boabn-
MaHa HAXOAWM BHIpa)KkeHWe AJaA cBOGOJHOHE dHEprHA:

F = —FkgT log Z,

. zisexp(_ _g%z)dpiexp [—(2n+1)BusBl=
n=0

20k
ALeB 2nm 1
w V(55 )wEm e 409

*) Janday J.J. Cobp. tp. T. 1.— M.: Hayxa, 1969.—
7

C. .

*%) Deierls R. Quantum Theory of Solids.— Oxford, 1955.—
§ 7.2. Nmeercs mepeson: Ilaitiepac P. KBamToBasg TeopHsA TBEPAHIX
tex // Tlep. ¢ amrm. A. A. AGpmkocosa.— M.: HIJI, 1956.
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3pecy L — patima smuia B Hanpasnenuwm mons. Ha
npaKTnKe 3HaueHwe f[upB o06HYHO ropasmo MeHbLIe
eNMHUIE W MOKHO Pa3JOKATh TUIepGOIMYecKHuil cHHYC.
Jlerko BWIHO, 4TO IIABHHI YIEH NAeT CTATHCTHYECKYIO
CYMMY OIHOTO cBOGOZHOTO 371eKTpoHa B o0beme AL. Ciue-
Rylomumii wieH no6aBisger B CTATHCTHYECKYI) CYMMY MHO-
JKUTEN b

1 — (PusB)*/6

u, ciaegosarenbHo, wien (upB)*6ksT B cBOGOREYIO DHEp-
TAI0, OTKyAa, coriaacHo (4.3.3), HaMarHMYEHHOCTH B pac-
4YeTe Ha OJUH 3JIEKTPOH ecTh

—n3B/3ksT. (4.3.10)

IT0 TOYHO OfHA TPeTh HapaMarHMTHON HAMAaTHMYeHHOCTH,
00yCJIOBICHHON CIMHOM 3JeKTPOHA.

B merannax smexTpoHEl 06HYHO 06pasyior BHEIPOK[ICH-
Huli fepmm-ras, u, ciaemosarensHO, BMecTo (4.3.4) Hajo
HCHOJb30BATh COOTBETCTBYIONIee BHIPAKEHHE, CIIPABE/-
nmuBoe B crarucruke @epmu. Brrmcaesme mpocroe,
¥ OOATH CHOPaBeNJMBO YTBEDP)KACHHE, 4YTO AMAMATHHTHASL
BOCIPHMMYMBOCTh, 00YCIOBIEHHAS DJIEKTPOHAMHE, COCTAB-
JfAeT OfHY TPeTbh N3apaMarHUTHON BocmpmmMumsoct: Ilay-
JA  BHIPOKJIEHHOTO 3JIEKTPOHHOro rasa. CliemoBaTenbHO,
9TO OTHOIIEHME He 3aBHCHUT OT TOTO, BHPOKIEH BJEKTPOH-
HBI# ras niu Het. Tak Kak AuaMarHUTHHE dddexT Merbme
DapaMarBEATHOTO, TO MOXHO OHJIO GH OKUJATH, 4TO Me-
TaJJIL He MOT'yT OHTH JuaMarHeTHKAMH.

Onmmako, Tak KakK 3JeKTPOHH He cBOOOTHEI, a nBuUra-
I0TCA B NePHOAMIECKOM NOTeHNWAJBHOM IOJE pPeIleTKH,
nx d(pdexTHBHAA Macca MOMKET OTIMIATHCH OT MACCH
CBOGO/HOTO 3JIEKTPOHA, TAK 4TO YPOBHM DHEPIHH, 3aaH-
HHe BHpa)kenneM (4.3.7), usMernaTcA. JT0 HeHcTBHTEND-
HO TaK, MOTOMY 4YTO OpOWTajbHOE JBM/KEHHE B IOJe Om-
penenser mMmeHHO 3¢PeKTHBHAA Macca, TOTHA KaK CIH-
HOBBIl MATHMTHEIA MOMEHT OCTAaeTCH TAKAM jKe, KaK y
cBobonHOTO BaeKTpona. Teopms obmsacHseT, mouemy y Bi,
HanpaMep, JHePTHA KaK (YHKOHUA BOJHOBOIO BEKTOPa
nMeeT GOJBIIYI0 KPHBHU3HY H, ClefoBaTeJbHO, 3PPeKTHB-
Has Macca 2JMeKTpoHoB Bi Mama. 910 — mpmumea Goab-
mo# JMaMarHWTHON BOCOPHMMYMBOCTH Bi.

B arom caywae ciopmpms sarmiouaercs B mpoctore,
C KOTOpOil 3ajjaua MokeT GHITH pelieHa, HeCMOTPs Ha ee
KOKYIMYIOCA CIO0KHOCTh M YYBCTBHTEIBHOCTh K T'PAHMYU-
HBIM YCIOBHAM,
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4.4. Dpderr me T'aaza — Bar AubdeHa

Pesyabrar pasmena 4.3 oCHOBHBaJCA HAa PasjioKeHHH
CTATHCTHYECKON CYMMBI B psl IO MajJoMy IapameTrpy
wpB/kpgT. Ecam ata BeauyuHa CTAHOBHUTCH UyTh 6oJbie,
MOJKHO BKJIIOUHTH B PACCMOTpPeHUE WieHBl 0ojiee BHICOKMX
HOPAKOB, 4TO KOJWYECTBEHHO M3MEHHT pe3ynabrar, HO
He mpuBejeT HU K KakuM HosbiM dddexram. Onmako mc-
M0JIb30BaHME TAKOTO PasioyKeHHWsI He MO3BOJAET BHIABUTH
04eHb WHTEPECHHH 3PQeKT, KOTOPHI CTAHOBUTCS 3aMeT-
BEHM, Korma WpB/ksT He camumKoM Malo.

YroOsr 03 CJIO0KHBIX BBIYMCJACHHI NOHATH HPHUPONY
aToro adderra, BepHEMCS K IBYMePHOMY CJIy4aio ¥, KpoMe
TOTO, PACCMOTPMM NpefeJbHHN CaAydail HYJeBOi TeMmie-
paTyphl, KOTjia 9Heprusa u cBoOONHAA DHEPIHUs MACHTHIHEL.
HauneM ¢ cuTyammu, Opd KOTOPOH MarHuTHOe IoOJe Ha-
CTOJNIBKO BEJMKO, 4TO CTeleHb BEIPOJKAEHHA, 3amaBaeMas
dopmymoit (4.3.8), Goapme uymcaa MMEIOMUXCA IIEKTPU-
noB N. Torma pgaske B caydae ¢epMH-CTATHCTHKH BCe
BIEKTPOHH HAXOJATCHA B HAMHUBIIEM cocroanm: ¢ n = 0,
I MH [OJy4YaeM

E = NugB, p = —Npg, ecim B > b, (4.4.1)
rue
= 2nhN/eA. (4.4.2y

Ecam MarsmTHOe NoJe CTAHOBHTCS MeEHBIIe 3TOTO
IpeJIe/IbHOTO 3HAUERHSA, TO N — G 31eKTPOHOB [OJIKHBE
mepeiitu Ha opbuTH ¢ n = 1. 91O JAenaeT YHEPrHI0 PaBHOK

= ppBG + 3upB (N — G) = (3N — 2NB/b)usB,

(4.4.3)
b/2 < B < b.

Torna HaMarHMYeHHOCTh IIPMHNMaeT 3HAYCHHNe

—dE/dB = —(3 — 4B/b) Nug, bl2<<B <b.
(4.4.4)
[Ipn naMenennu B B yKasaHHOM WHTepBaje, MAarHHTHEIA
MoMeHT Memserca or —Npp mo +Nup. Ilyrem Hecmosx-
HBIX aireGpamuyecKUx BHYNCJICHHH MOKHO IOKasaTh, 4TO
B MHTEpBajle 3HAYeHHH NO0JA

bln + )< B < b/n (4.4.5)
MATHUTHHIA MOMEHT eCTh
[2n (n + 1) (B/b) — (2n + 1)] Nps. (4.4.6)
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B npeaenax wmHTepBana, 3aaBaeMOTO HePAaBEHCTBOM
(4.4.5), MaTHUTHEIH MOMEHT CHOBa W3MeHgeTcs oT — N ue
mo +Npp. Mu 00HApYKHIU pe3kme pas3pHBHBIE OCLAJI-
JSAOWE, TOYKA Pas3phiBa KOTOPHX B mepeMeHnAHX 1/B skBu-
OUCTAHTHHI. A

Homeuno, mpocroe BHuYmMCIeHWe, IPOBEJEHHOE BHIIIE,
HepeaNuCTHYHO, W JJf MHOIMX HPAKTHMYECKHX BHIBOJOB
Hajfl0 fejaTh NONPABKY HAa KOHEYHOCTh TEMIEPATypPH
1 Haju4wme Tperbero mamepermsa. O6e Tu MONpPABKM OmpH-
BOIAT K CLIQKHBAHMIO OCHMUIANMA, HO NO-IPERHEMY
BePHO, 4TO OCHHJJALUA CYMECTBYIOT M 4TO UX MAKCHMY-
MB M MHHAMYMH BCTP@UAIOTCA Yepe3 paBHbIe MHTePBAJEI
1/B.

Ilas DmonHOro pacuera Hamo BHYMCAUTH CBOGOTHYIO
9Hepruo ¢Qepmmu-rasa

F=NEp—2ksT | In {1 +exp[—B(E— Ex)}}g(E)dE,

’ (4.4.7)

rie Er — sreprus Mepmu, a g (E) — mI0THOCTH COCTOA-
nuii. B mamem caygae
2m)1/2
g(B)= =802 N E — @2n+ psBpe, (4.4.8)
n

rae V = AL — o6beM, a cyMMa BBYHCIAETCH IJA BCEX
3HAYEHMA 7, OPH KOTOPHIX KBaJAPATHHI KOPEHb BeIecT-
BeH. Ecam B (4.4.8) 3amenuts cymMMy HHATErpajoMm, MbI
BepHEMCA K KIaCCHYeCKOMY DPe3ylbTaTy, B COOTBETCTBHU
C KOTODHIM [HAaMaTrHETH3M OTCYTCTBYeT. UTOGH ammpokcu-
MHIPOBAThH Pasdiuime MeKAy CyMMOil m mHTEerpajoM, ymol-
HO uWCmoab3oBaTh (opMyay cymmmposanus Ilyaccoma,
KOTOpas He CTOJIb IIAPOKO M3BECTHA, KAK TOTO 3aC]yKH-
Baer. [lnsa noGo#t cymmel BHaa

S= 3 o

N=—o0

MOKHO HaOucarhb

S={ o@D@dz, DW= 3 8—n), (4.4.9)

-— 0 N=-—=00
rie D (z) — pmepmopmmyeckas ¢ynkmua ¢ mepmomom 1
u, CJIe[0BaTeNbHO, MOKeT OHTH pasinoskena B pag Dypoe:

[~ )

D (z) ':l Zoo exp (2nilz). (4.4.10)
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Temeps MOMKHO HOJCTABATH 39TO BHPAKEHHE B HHTErpaJ
(4.4.9) mns S m DOMEHATH HOPANOK CYMMHPOBAaHHA H
naTerpupoBanma. ([lypmersl Takmmm pmeitctBEAME GymayT
MIOKKPOBAaHK, TaK KaK M 3aKOHHOCTh ()yphbe-pasiloKeHusd
cunryaspeoir ¢ymkmmm D (z), m HU3MeHEHHe MOPAAKA
omepanuit coMEETeabHb. OXHAKO, KaK 3TO 9acTO OKa3hl-
BaeTcs, KOrjJa HMewT aeno ¢ ¢ypbse-mpeoGpasoBaHHEM
U MUPaKOBCKo# O-pyHKImel, B I[eJOM psfe caydaeB MOK-
HO OIpaBATh Pe3yJbTaT, MOJYYEHHHH mocae 06eur aTHX
COMHHUTEJIbHHX ONepanui.)

Ecam nmonyuemHHit pesyiasrar moicraButh B (4.4.7),
TO KpoMe YjleHa, He 3aBHCAIMET0 OT MArHMTHOrO NOJA,
¥ 4YleHa, AAlOmero y;ke O0OCYKIaBIMIEACA IOCTOAHHBIH
AMaMarseTusM, HafmeM BKJIax B CBOOONHYIO DHEPIHIO,
xapaxrepmsyomuit spperr mge T'aasa — Bam Anbdena:

- (2m)s/2 - cos (UEp/pgB — nf4)
Fua=2nV {50 IZ e e R CL K
=1

IIna no6ux pasyMHHX 3HAUeHHHA HANPAKEHHOCTH MO
I TeMIepaTypsl, 3HaMeHaTeJh C POCTOM [ pacTer OYeHb
GriCcTPO, TaK 4YTO OOHIYHO CYUIECTBEH TOJHKO IEPBEIHA
gnen *). Hak # oKmpajoch, B YNCJIHTEJE 3TOT0 BHPayKe-
HAA #MeeTcd OCHWIIMpYlOmas B 3sasucuMoctd ot 1/B
¢yaxnmsa. Ee amnamrynma, ompepessemas 3HaMeHaTeleM,
BKCHOOHeHIWANbHO yOHBaer, Korma ortHomenue upB/kgT
CTAHOBHTCS MAJIEIM. ) '

Heoxumasras 0COGEHHOCTh 3TOH CHTYalHH COCTOMT
B TOM, YTO OOHYHASA PEAKIHUsA TEOPETHKOB HA CJIOKHYIO
3ajayy, CoMepP)Kamyl0 MaJjlHii mapaMerp, a MMEHHO Das-
JIoOAeHre B PAX DO BTOMY HapaMeTpy, MOJHOCTHIO TEPHIMT
meynauy. Dymxnums

F (z) = exp (—1/2)

o0JamaeT TeM CBOMCTBOM, 4UTO [Jf pPeaJIbHbIX IOJOKHU-
TeIbHHX Z, BCe e MPOM3BOJHEE CTPEMATCA K HYJII0 HOpH
z — 0. TlostoMy moummiTKa mocTpourh paAx Teinopa mas
F (z) B oxpectHocTE z = (0 DpPHBOAMT K DPANY, BCe WIEHH
KoToporo ofpamanTcas B HYJAb ToAecTBeHHO. He B03-
HEKaeT BOOPOCA O CXOMHMOCTH 3TOTO Psfa: PaKTAUECKH
aT0 HamboJjee OHICTPO CXORAIMUACA PAX M3 BCEX BO3MOK-

*) TIpH HCCIeNOBAHAA METANNOB M OCO0EHHO HOIYyMeTalloB
IpH rejneBhHIX TeMmIieparypax 1acTo IIPUXOAHUTCA MOJAB30BATLCA BCEM

pAnoM (4.4.11) (cM.: Ilen6epz /. MarEuTHHE OCHMJLIANUN B METAJ-
nax: Ilep. ¢ amra.— M.: Mmp, 1986). (ITpunmeu. ped.)
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HEIX, HO OH HO MMEOT HHKAKOT0 OTHOIMEHHA K . {yHKnum
F (z). B ToMm cayuae, Korja HaM «IpeXbABIEH» TOUHHIN
Baf F, cpasy moHATHO, 4To 3Ta ()yHKIHA HMMeeT CymecT-
BeHHYI0 ocobeHHOCTs npum z = 0, Ho ecam F BosHEuMKaer
B CIOKHOE (M3WyecKOH 3afave, 3TO MOMKET OKAa3aTHCSH
HEO4YeBUHEIM,

Ecnum B pemenme 3amaum BXOQHT TOJNBKO (QYHKIHS
TAKOTro BHAa, TO TOT $aKT, uro ee pax Teinopa TosxmecT-
BEHHO DaBeH HYJI0, BEDPOSATHO, HaBeJeT HAa MEHCIb, UYTO
3gech HMeeT MecTO HeKOTopas CHHTyiaspHocTh. OmHakxo
9acTO, KaK H B DaccMarpuBaeMo# 3ajade, eCTh_TaKiKe
Apyrue BKJAjAbl, KOTOPHeE MOryT OHTH pasinoens. Ilo-
9TOMY B TOBE[eHMH PANA MOKET W He OHTh HUYEro CTPaH-
HOTO.

MosxBo m3GeskaTh OMMGKM, HAYMHAA C PACCMOTPEHMS
OPOCTOTO MPeReJbHOT0 CJIyYas OYeHb CHJABLHEIX MAarHOT-
HEIX TOJiell W HyJeBo#l TeMmeparyps (OH uW Onln Hamei
OTOPAaBHOX TOYKOH), YKA3HBAIOIIEro Ha TO, UTO MOKHO
O}KUJaTh NOABJEHHWS OCHEIIANUA. 3aTeM HIMETCA CHo-
co6 ammpokcmMan@u|, HPE KOTOPOM 3TH OCHHJINPYIOM{e
9JIeHK He TepATCH.

Jdra 3amaga mpencraBiaser coboii He TOJBKO aKa[eMH-
4YeCKHMH# WHTEepec, TaK KaK B DeajIbHHIX MeTaJJax OCIHJI-
JANAA HOO3BOAAIOT HOJYYUTh 3HAUUTENBHYI0 HMHPODPMAIHEIO
o pmosepxuoctn PepMu B mpocTpaHCTBE BOJHOBHX BEKTO-
PoB, HO 311ech He MeCTO 00CY/KHaTh METONH HIH Pe3yb-
TaTH 9JTOT0 MOAXOfA.

Hecropmueckaa cupaBka. OCOUIIATOPHO® IOBeeHHMe GHJIO OT-
Medeno Jlampay B ero mepBoit paGoTe 0 fMAMATHETA3MY, HO OH CYH-
Tajy, 9T0 HA HPAaKTHKe STH OCHMIIANUA HemaGaiopaeMu. IloaTomy
OTKpHTHE ocnmuiAnuit B Bi me F'aasoM m Bam Anbdenom moxasanoch
COBOPIIOHHO TAWHCTBOHHHM. 3aTeM aBTOP 9TOH KHWIW, HOPOIYCTHB
niu 3a6KB 3amedanme Jlanaay, IpeIOKAT KBAHTOBARME OPOUTH KAK
HCTOYHUK 3ddeKTa H IPOMITIOCTPEPOBAT TO TPYGHMHA UNCACHHHME
pacueramd, KOTOpHe Io3gHee 6ham mpomoiskenmn Basxmamom. M-
Ioxp30BaHEe GOPMYIH cyMMApoBaENA Ilyaccoma GbiTo mpeporKeHO
.]6'Ia1may). Bonee nonmoe mamoskenme Bompoca cM. B kmmre . Illen-

epra *).

*) Menb6epz J]. MarguTHHe OCOMIIALUA B METAJIAX: Ilep.
¢ amra.— M.: Mnp, 1986.



5. TPABCIIOPTHBIE SIBJJEHHSA

5.1. Paanoskenne xoddppunuenta rmddysun
0 IJIOTHOCTH

Crnegynomuii mnpuMep KacaeTrcsi CaMoro OCHOBHOIO
BONPOCA CTATHCTHUECKOH MexaHMKH ras3oB. OH oTHOCHTCS
KaK K KJIacCHUeCKON, TaK M K KBAaHTOBOH Teopum, HO JJA
IPOCTOTH MH 6yaeM oGCY<aTh TOJBKO KJIACCHIECKHH
cayygai. )

Xopolio W3BeCTHO, KAK B PAaMKax 3JeMeHTapHOW KH-
HeTHUYeCKOH TEOpHMH peIlaloT TaKhne HepDaBHOBECHHE 3a-
maudm, Kak pacyeT BA3KOCTH IOYTH HJeaJbHOTO rasa.
Cnenya BoabuMmany, Mb paccMaTpmBaeM HapHLIE coyja-
peHus, OPE KOTOPHX MOJEKYJH, IPUXOAAMHe U3 Pa3HEIX
MecT M, CJIed0BaTeJbHO, MepPeHocAlye B CpegHeM CKO-
POCTH, HPUCYNIWE Pa3IMYHEIM TOYKAM COOTBETCTBYIONEro
HOJIsI, MMEIOT TEeH[eHIMI0 K HX BHPABHMBAHUIO M BCJIeN-
CTBME HTOr0 K yMeHBIIEHWIO IpajueHTa ckopoctH. Takas
OpocTasg TPAKTOBKA IPHMEHWMAa K OYeHb DPa3pe;KeHHHIM
rasaM, MJf KOTOPHX OIPAaBAAaHO OTPAaHHYEHHE TOJBKO
DapHBIMA CTOJKHOBEHHAMHI, TaK KAaK BEPOATHOCTH TDeM
unam Gosee MoJieKyjJaM OKa3aThcsa B 006jacTH B3aMMHOTO
HefcTBHA CHJI HPOIOPHUOHAJABHA (oJlee BHCOKHM Crele-
HAM HJOTHOCTM H, ClIeNoBaTeJbHO, IO ONmpejeJleHHIo mpe-
HeOpe;xuMO MaJja.

MoskeT mokKa3aThCH, 4TO 3TO yTBep/KIEHHE HECKOJIbKO
PHCKOBAHHO, TAaK Kak OOBYHO MHPeACTaBIsIOT HHTEpec
MaKpOCKONHMYEeCKHMe 3afady, B KOTOPHIX WOJIHOe HYHCIO
MOJIEKYJl OuYeHb BeauKo. B Takux Goapmmx cucremax
BePOATHOCTb TOTO, YTO KAKHMe-HUOY[b MOJIEKYJbl B3aMMO-
OedCTBYIOT ¢ ABYMS MM HECKOJbKUMH [PYyTUMHA MOJe-
Kyinamn, QaKTEdecKm Beamka. B meificTBHTeNIbHOCTH CY-
mecTBeHHO To, 4TO di0bas MOJIeKyJa MMeeT Majio IMAaHCOB
OTTHOBPeMeHHO B3aWMOJIeficTBOBAaTh 0ojsee dYeM ¢ OfiHOH
MOJIeKYJIOH.
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TosroMy HeobxofitMa HeKoTOpast 0CTOPONKHOCTD: CHb-
AyeT TOCTPOMTHL TEOPMI0 B TaKod ¢opme, u3 KoTopoit
Onij1o OB BHIHO, YTO OHA OCHOBAHA TOJBKO HA IOCJEIHEM
OLPABIAHHOM NPHOIWKeHNW, & He Ha IPEe[HoJOKeHHHN
0 MaJIO# BEPOATHOCTH MOJHOTO YHMCJIA TPOMHHX (1 Gosee
BBICOKOTO TOpPAAKA) coymapenuii. [ paBHOBeCHEIX 3a-
HadY BTO AOCTUTAETCA IMyTeM NCHO0Jb30BaHUA (PopMaTmsMa
¢CBH3aHHBIX KJIACTepOB», K KOTOPOMY MH BepHeMCH
mo3sKe. '

Jlns BABKOCTH aHAIOTHYHOE PAsJOsKeHHe OHLIO mpef-
no:xero boromw6oBeiM B 1946 r., m MEOTMe romH OHO
HeM3MEHHO NHTHPOBaJOCh HO 3TOoMy moBOxy. OueBHAHO,
MHOKECTBO JIIOfeH, CCHBUIABIIMXCA Ha 60roaoGoBcKoe
pasiosKeHue, HUKOTAA NeTaJIbHO He HccieoBaiu 0osabuie
OBYX TNEPBHX WIEHOB JTOr0 pPasjosKeHH.

B paGore [loppmana n Hosma *) Gwuto mokasamo,
4TO TAaKOe Da3jlojkeHHe He CYIIeCTBYeT — 3TO0 BOCIIPH-
HAMAJIOCh KaK OfWH W3 3HAUYMTENbHEX CIOPIPH30B Teo-
peruyeckoil gusuku. [leno He B TOM, 4TO 3TO pasiokeHHe
pacxopurcst (06HYHAA ONACHOCTH IPH PA3JOKEHHNA B PAN),
a B TOM, YTO HAYMHAA C HEKOTOPOTO HOPAAKA KasKAHlil
YjeH BJTOTO DPAa3No/KeHHA OKA3HBAETCHA OeCKOHEUHHIM.

Yro6s HOHATH OPUPORY BTOrO CIOPHPH3A, ONMATH PaC-
CMOTDAM TaK Ha3BIBAEMHH JIOPEHNEBCKUH ra3. 9to MO-
ieJib, B KOTOPOX MOJIEKYJIH CTAJKABAKTCA He APYT C APY-
roM, & C pacmpefeleHHHMH CAYYafiHO QUKCHPOBAHHHMH
OeHTpPaMM paccesEmA. [nsa Hammx meneir sTo, He u3Me-
HAAd XapaKTep 3aflaud, CYMECTBEHHO YNPONAeT KAHEeMa-
THKY OPHE YCIOBHMH, YTO MHl HCCIEyeM He BI3KOCTb,
a nupdysmio. B KawecTBe JanbHEHTIEro yHpOmeHHs CHA-
4ana obcyamM cayuait IByMepHO! cmcTeMH, a 3aTeM pac-
CMOTPHM, KaK HOJY4YeHHBIE DPe3yJbTaThl PacHpOCTPaHs-
I0TCA Ha TPeXMePHYI0 CHCTEMY. _

B ocroBHOM mpHMONMIKEHME MH HMeeM IPHBHYHYIO
TPaKTOBKY Boabmmana, coraacEo KoTopoir Hamo pac-
CMaTPHEBAaTh TONbBKO @NMHAYHHE CTONKHOBeHHA. To0, UYTO
MOJICKYJIB He CKOPPEJHPOBAHEl ¢ MUNIEHAMH, ¢ KOTOPHIMHA
OHM JOJKHH CTOJKHYTBHCH,— JacTh 3HAMEHHTOTO Stoss-
zahl-Ansatz’a Bonsnmama. Ecam wmonmexkyna mnosropHO
CTAJIKMBACTCA C TOU K€ CaMO#l MHIIEHBIO, TO 3TOT MPOLECC
MOJKeH GHTH ONMCAH CKOPee KaK MHOTOKPATHO® CTOJKHO-
BeHMEe, YeM KaK I0CJe[0BATeNbHOCTh GMHUIHEIX CTOJIKHO-

*) Dorfman J. R., Cohen E. G. D, // Physics Letters.—1965.—
V. 16.— P. 124,
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BEHHH, TOCKOMBKY Hpefttoiokénne of orcyterduit Kop-
pensAnuid mHave He OyJeT NPAMEHAMO K IOCJEYIOMUM
CTOJNKHOBeHMsM. Mojlekyla He MokeT HOBTODHO pac-
CeATHCA Ha NEePBOM PACCeHMBAIOMEM IEHTPEe, ecld /[0 DTOT0
OHA He CTOJIKHYJACh C [PYTAM HEHATPOM, TAK 4TO MHI {OJIK-
HEl paccMaTpmBaTh TPOHHHE COyNapeHHS.

Hpocrefimuit ciywait mokasan ma puc. 5.1. Moaekyua
CTAJKHBAETCA C LEHTPOM a, 3aTeM C IeHTpoM b, orGpa-
ChHIBaeTcs HOCJHeNHAM Hasal H
OHATH CTalKHBaercsa ¢ a. ana
NAHHOTO DPAacHOJIOKeHHSA pac-
CeMBalOMMUX I[EHTPOB, eCJIHR
OPefNoN0KUTh, 4TO pPACCTOM-
HHe MeXIy HHMH TIopasfo
Goxpme mx'muameTpoB, WHCIO
TaKAX CTOJIKHOBEHHi B MHTEp-
Bajie yriaos df (ommceiBalommx
OKOHYATeJbHOE  paccesHme),
0YeBHHO, eCTh

vy 1 1
5.1. TpexxpaTHOe paccesHue 1o, (8,) & % () T Ca (6,) do,
MOJIGKYJNH [BYMA LEHTPaMH (5.1.1)

/gz

rge I — noTOK majalmEX MoOMeKYy, 0, B 0 — 3pPex-
THBHHEe NuddepennuasbEbre cedyeHns paccesHnsa Ha exu-
HUYHHEA yrox, a yras 6, m 0, Takme, Kak o06o3HageHO
Ha pmuc. 5.1.

Tenepe a1y BepoarmocTs Hamo mpomETErpEpoBaTH
[0 BCEBO3MOKHEIM HOJIOKeHHAM DaCCenBAIOMAX HEeHTPOB.
Mecrononoskemne mepBoro meETpa IPOM3BOILHO M C Be-
POATHOCTRIO P, PaBHOH# IJIOTHOCTH pPaCCeMBAIOMAX IOHT-
PoB, OH pacmonaraerca rae-au6o0 B ob6beMe. Ecam M
NPeANONO0HM, 9TO HEHTPH B3aMMHO He CKOPpPeJHMpPOBAHAI
(70 xopomas ammpoxcumanmsa mpm GoxbmIEX paccros-
HAAX MMy NeHTPAMA — ciydail, KOTOpHH HAC B HH-
Tepecyer), TO BEPOATHOCTH OGHAPYIKHTH BTOPO# paccem-
Baomuil NeaTp b Ha paccrosEEEm R OTHOCHTEIHHO IeHTpa
ects pd’R = pR dR d@,. [loatoMy KpoMe mHTerpupoBamms
oo yriaM HMHTerpan or Bupaxemusa (5.1.1) comepxmr
HHTerpajg mo pagaycy, KoTopuii mpm Goapmmx R Bemer
cebs, Kak

{ R dR/R?,

U, CIef0BATeJIbHO, JOTapEPMHEIECKH PpaCXORATCH.
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Teneps, me BHIMCHBas [TANBHO COOTBETCTBYIOMIHE
BbIDA)KEHHUs, JEeTKO YBANOTh, YTO IPOU3OUIET B CJIEAYIO-
ImeM mopsAnke. - [[JiA 9YeTHPeXKpaTHOTO paccesHMsA, W30-
Opaskennoro ma pmc. 5.2, HaMm morpeGyiTcs TPA LJOT-
HOCTH PacCeMBAIOIAX ILEHTPOB, OTHOCAMHUECH K Pas3HEIM
yriaaM @ [06aBisiomme cooTBETCTBeRHO MEOKETeNH 1/R 1,
1/Ry. u 1/R .. C npyroit cro-

POHBI, TIOCJE TOrO KAK MKl BH-

Opainm mepBHi IeHTp, ocTa- °

JIUCH YJIEMERTH IIomanu d*R

n d’Ry,. Ecniu coxpamuts BCe

Yrabl ® OTHOIIEHHS (QUKCHPO-

BAaHHLIMH, OCTaeTCs HMHTErpal

IO pammycy, KOTOPH# Befer e

ce6s, xak | R®dR/R®, 1. e. °
pacxomurcsa amHeiHO. B dop-

MaJbHOM pAa3JI0KEHHH 3TOT

died mpomopumomanen  pd. 5o YerhpexkpaTHOe pac-
B o6mem cnyuae B uwmene ¢ p"  cesmme  momexysn Tpema
A n > 2 BO3HUKAGT pacxo- LeHTpaMH

IAMOCTEH TIOPANKA n — 2,

B _Tpexmepmom cayuae mnpomecc, coorercTByIHOMmMmIt
puc. 5.1, mMaeT KOHeYHHI BKJAN, MOTOMY YTO TeJeCHEHI -
YToJ, TOX KOTODHIM «BH[IEH» OFMH IEHTP W3 APYToro,
nponoprnuonaneH 1/R2?, rak uro M mMeem R* B 3mame-
Haresne M TOAbKO R?IR B wmcamrene. Onmaro ciegyommit
4JIeH, COOTBeTCTBYIOMIMH Npomeccy THNAa HM3006pasKeHHOTO
Ha puc. 5.2, nmeer R°dR B umcamtene m R® B smamena-
Teje M, TaKAM 00pa3oM, JorapuMHUECKH pPacXOLUTC.
Jlanbreiimue wieHs, HpomOpHEOHANBHEE (", AMeIOT
PacxogEMoCTh HOpANKA n — 3.

HecmoTpss Ha 310 dmsmueckas samaga nnpdysan B
CuCTeMe pacceMBAaIONIAX NEHTPOB, HJIOTHOCTh KOTOPHIX
KOHeYHa, J0JDKHA HMMeTh KOHEeYHOe pemeHme. B gem e
opmymHA 3T0# pacxommmoctu? OTeeT 3akja09aeTcs B TOM,
4TO HeNPaBAJIBHO DPaCHOPOCTPAHATH WHTETPHPOBAHHE IO
Pa3IMIHEIM DacCTOAHAAM o GeckoHeumoctm. IIpm TakoMm
PACCMOTPeHHH HOAPa3yMeBaeTCsd, YTO He IIPOHCXONAT
HAKAKAX N00aBOYHHIX CTOJNKHOBEHMH, HO 3TO COBOPLICHHO
HEeBEPOATHO, ecId paccTogHMe Ooiabme, 4YeM CpeRHAA
nuEa cBoGopHOro mpoGera. Bosee peammcrmunoe BhIpa-
’KeHHe TOJy4aeTCs, eCAM HPUIACHBATH K KayKIOMY IIPO-
XoxumoMmy paccroaHHi0 R MEOxuTens exp (—R/1), rne
l — cpepasa nawmma ceoGommOTO mpoGera. ITOT MHOMKH-
TeJb ompefiesiieT BePOATHOCTH TOrO, YTO HA PACCTOAHMU
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R me nmpomsoiiier AHKAKMX APYIEX CTOJAKHOBeHmi. Taxas
npomeaypa He OpeTeHAyeT Ha TOYHOCTh, HO OHA [aeT
Gosee peanMCTHURYI0O ONEHKY YKAa3aHHEIX IIPOIECCOB,
9eM Oe3HICKYCHEIE BHIDa)KeHHMS, BHIMCAHHBIE BHIIe. Te-
nep» BCe KOHEYHO, W, HANpPAMep, B TPeX HM3MEepPeHMAIX
n-i 4iaen Oymer mpomopumomasen p"I"3, ecam n > 4.
Ho cpemmsas pamma cBoGopmoro mpoGera oGparHo mpo-
NOPNHMOHATBHA IJIOTHOCTH PACCEeMBAIOIMX NEHTPOB, TaK
9TO B [EHCTBUTENBHOCTH KajsKIKHA M3 TaKUX 4JICHOB npo-
nopruoHajien 3.

JpyramMm croBamMm, ecim B MNOpAAKe Bo3pacTanms
CTeleHedl P BHINACATh WIEHH, BKJIIOYAIOIAE MHOTOKpAT-
Hble CTOJKHOBEHHs, B TPeX H3MEPEeHMAX pa3oKeHHe
HAYHeTCA C OYEBH[HHIX WJIEHOB, IPONOPHAOHANBHEIX p
u p%. Ho 3arem nmosBasercs wien p® In p, a Taxxe Gecko-
He4YHE DAX YIeHOB, NPOIOPIHOHAJABHHX p3. Panm mamo
OPOCYMMHDPOBATH [UIA TOTO, YTOOH HOJYYATH pe3yabTar,
N03BOJIAIONAA YIeP/KATh WIEHH TPeThEro LOPANKa Ho p.
OuenmnHO, 3TO COBCEM HeJOTKO, W IOJYYATH WIEHH 6ojee
BBICOKOTO NopAfKa Oymer eme TpynHee.

5l me nocrarouHO HOArOTOBNAEH MNAA TOrO, YTOGH Cle-
Jarb 0030p yCIexoB, AOCTUTHYTHX B NOJYIeHUH 0GOCHO-
BaHHBIX KOJHMYECTBEHHHX BHIDaKeHHHE mias Kodddumuen-
T0B. M3naras peaynbrarsl mias mopenu Jlopenna, s cie-
mosan nexknum E. T'. Xsiomxka *). Xsomx noxgepkmBaer
HOJIe3HOCTh 3ITOH MOMENTH, JeJalomieil  0OYeBHIHON pacxo-
AAMOCTH, KOTOpasA B clyYae MHOTOKPATHHX CTOJKHOBE-
HA# oCTaBajJach HE3aMEYEHHOH OKOJO0 [BAJIaTH JerT.
On dopmynampyer takyio mopans: «He Beps o6meii cxe-
Me [0 Tex Nnop, mMOKa OHAa He IpOBepeHa Ha JOCTATOYHO
OPOCTON W PpPas3yMHOH MOIENH».

5.2. YneabHas TeIIONPOBOAHOCTh HEMETIJLIOB

Horpa crano moHATHO, 4TO TemjoBoe NBH)KEHHEe B He-
METAJIIMIeCKAX TBEPHABIX TeJaX COOTBETCTBYeT KoJeba-
HHASIM aTOMOB OKOJIO TOJIOKeHWil DaBHOBECHA B KPWCTAJ-
JMYECKO# pemerke, ® KOIJA, HMCIOAB3YS KBAHTOBYIO
mexanury, [Jlefait moxasan, Kak 3To 0GBACHAET TeMIe-
paTypHyio 3aBHCHMOCTH YHEJABHOH TEIIOEMKOCTH, CTAaJo
TaK/Ke fACHO, 9YTO B TAKMX TeJaX Te e KoJeGaHMA oTBeT-

*) Hauge E. H. Transport Phenomena, Sitges International
School of Statistical Mechanics / Eds G. Kirczenow, J. Marro,—
Berlin; Heidelberg; New York: Springer Verlag, 1974,
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CTBeHHSI 34 TEIIONPOBOAHOCTD, WM, HCIOJIb3YA COBPEMEH-
HYI0 TePMHHOJOTHIO, 4TO TENJIO HEePEeHOCAT (OHOHEI.

Jle6aii Taxs;ke GHLI MEPBEIM, KTO NMONMTAJICA KOIMYECT-
BeHHO ommcarbh ITOT nponecc. Mamaras kpatko wugewo
lleGas, ymo6mo Gymer Bectu oGCy)KHeEme B TepMHEAX
QOHOHOB, T. e. MCHOJb30BATHh HA3BIK KBAHTOBOH MeXaHM-
KII, XOTsi BHBOJ B DaBHOM CTENeHN NPUMEHHM W IIPH Bbl-
COKHMX TeMIepaTypax, KOTAa KBaHTOBHe »(pQerTsi mpe-
HAe0pe;KUMO MaJibll M JOCTATOYHO KJIACCHIECKOTO OMICA-
uusA. OxaspiBaercs, 4T0 KJIACCHYECKOE ONMCAHUE CIOMKHEE
0 NpUYMHE, K KOTOPOA MH BepHeMCA mo3Ke.

B cBoeit Teopun remnoemroctnm [le6ait mcmonbaoBal
rapMoHMYeCKOe NPubIuKenne, COOTBETCTBYIOMEE MAaJIbIM
OTKJIOHEHHsIM OT HM/IaJNbHOH DelleTKH, KOTOpOoe NPUBOJUT
K JUHEeAHHIM ypaBHeHHAM JBWKenusa. CiefcTBUeM TaKux
ypaBuennmii Gyfer OecKOHEYHAs TEIJIONIPOBOTHOCTh, TaK
KaK, COTJIACHO OTOMY HPUOJIMKEHUIO, QOHONBI JBHIKYTCH
cBOGONHO W, CO3[aB paclpefieeHNe, B KOTOPOM OHW J{BU-
JKYTCA NPeNMYIIeCTBeHHO B OJHOM HampaBICHHH, MOYKHO
HOJNYYATh NEPeHOCANMMH DHEePruio CTanMOHAPHBIA HOTOK
0e3 xakoro-imGo rpagumeHTa TeMIEPaTypH. JTa CHTyanusd
CXOfHA C CUTyalHeid B WIeaJbHOM rase, B KOTOPOM MO-
JIeKyJH He crajJkmBalorca. Takodl ras mMeer rawike 6ec-
KOHEYHYI0 TeIIONPOBOXHOCTh. XOTA [JjiA pacuera Teml-
JOEMKOCTH CTOJKHOBEHHAMYN MOKHO mpeneGpedb, OHn
Heo0XoMMbl KaK NPHYMHBLI CYIIECTBOBAHUA Y MOJEKYJI
KOHeYHO! cpefHeil AAuMHHI CBOGOAHOrO mpobGera m, cie-
AOBATENbHO, KOHEYHOH Temponmposoxuocru. JleGait mo-
Kasajl, 9T0 B HJeaJbHOM KpHcTalie Ge3 mpmMeceil um fe-
dexroB cBOGOmHHE mpoGer (OHOHOB orpaHMYMBAETCHA
HeJINHEHHHIMM YJeHAMH B YDaBHEHHAX JABIDKEHHS, TaK
Ha3EIBAGMEIMA AHTAPDMOHWYECKHAMN CHJIOBHIMA UJIeHAMHU.
Camnsl, TMAEHHO 3aBHCAIINE OT CMEMEHHH M BO3BPAIAIO-
mue aToM B HOJOKeHHe PABHOBECHA, ABIAIOTCA TOJBKO
IIaBHBIMA YWIEHAMH B Pa3jOKeHHHM [0 CTEIeHAM CMeme-
muii. Ha ocHoBaHME cooGpasKeHM# pasMepHOCTH MOKHO
HaJleAThCA, UTO WIEHH Oojiee BHICOKOTO NHOPAAKA OYRYT
MeHbIIe B Mepy OTHONICHHA CMENIeHHA K MEeKaTOMHOMY
paccroAHMIO, a [aA GONBIIMHCTBA TBEPHEIX Teld 3TO OT-
HOmeHWe Majd fmayke BOAM3W TOYKm miaBiaenus. Cie-
ROBATeJNbHO, [IJIfl TEINIOEMKOCTH TapMOHUYECKOe Npubau-
JKeHHe SBJAETCH OYeHb XOPOIIHM.

Cnenyommit 4ieH, KOTODHI oOTBeYaeT 3a TeILIONPO-
BOAHOCTh, Oyfer HaBaTh KBaJApAaTHYHBIA BKJaJ B CHIY,
T. e. Oy#eT COOTBETCTBOBATH KyOMYECKNMM IO CMeIeHHIM
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4reHaM B moTeHNMmanbHOX smeprmm. Towmni# pacuer sTEX
KyOMYeCKHX UYJeHOB H CBABAHHHIX ¢ HAMEH 3Q(PeKToB MOT
0Ka3aThCHA JOCTATOYHO CJOKHEIM, # [lebail, Tak e Kak
H B IeJOM paAfe Apyrux ¢mamdecKmx IpobiaeM, OTHICKAJ
3aMaHYABO IIPOCTOM IyTh, MO3BOAAKIMHAI M30eKaTH He-
taabHEOr0 HMcciaemosamma. OH moKasad, 4To HelMHeHHEe
YIeHH B YPAaBHEHWAX [BIYKEHHS MOKHO paccMaTpHBaTh
KaK 3aBHCHMOCTh OT INIOTHOCTH CKOPOCTH 3BYyKa, HIH
moKazarTesifi OpeJOMJeHHS 3ByKa. Torma TtemioBoe J[BH-
JKeHHe PeNIeTKH MBISeTCsA NPWIAHOH QUIyKTyanmii maor-
HOCTH M, CJIEN0BATE/IbHO, IOKa3arejs IPeJOMIeHnsd, 4ITO
W OPUBOJUT K PACCeAHHMI0 3BYKOBHIX BOJH. JT0 rpybas
MOJiesIb, MOCKOJBKY OHA IpeHe0peraer Aucmepcueil, T. e.
3aBHCHMOCTBI0 CKOPOCTH 3BYKA OT [JIMHH BOJHH, W BJIHMSA-
HHeM [ONepeYHsX Koje0aHMi pelIeTKH, KOTOpHe He
OPHABONAT K M3MeHeHHI0 mwiotTHocTH. OMHAKO TN TOTperm-
HOCTH HOAOGHE IMOTPEIMHOCTAM Je6aeBCKON MONeJNH Telo-
eMKOCTH, KOTOpasd OPEeBOCXCIHO CHDPaBifAeTCA C KadecT-
BeHHEIM ONHMCAHAEM SBJEHHA.

Taxoit monxon K 3ajade enaerT ee MOJHOCTHI0 aHAIO-
rayHEo0f 3ajjade O paccesAHUM cBera QAYKTyanmaMH ILIOT-
HOCTH, JJA KOTOpPOil TeopmsA OHIIa NaBHO IIOCTPOEHA.
Yr1o6H HOJYIHTH CEUEHHE PpacCesiHAA M OTCIOfla NJHEY
csoGogHoro mpobera, Hafo TOJBKO B3aMeHHTh IIOKasa-
TeJNIb INPeJOMJIEHHs CBeTa Ha HOKas3aTelb HPeJOMIIeHHs
3ByKa. B pesyabrare OBIO IpPeACKAa3aHO, 4TO y/eabHaA
TeIIONPOBOAHOCTh MO/KHA OHTH 06paTHO IPOHOPIHO-
HaJlbHA TeMOoepaType, 4T0 HEIJIOXO corjacyercd ¢ dKcIe-
PAMEHTAJLHHMA [AaHHHMHA [Js BHCOKHX TeMIeparyp.
ITockonbKy MoOMeah KiaccWyecKas, He CJIeAyeT OKHIATh,
9T0 OHA OKaKeTcd NPHMEHHMO#l HIKe XapaKTepHcTmuec-
Kol Ttemmeparyph [leGas O.

CropnpasoM B 3TOM cjiydae OKasaJoch TO, 94T0, HOCMOT-
pa Ha TpHTATaTedbHOe mpasmomopxoGme, moaxon [lebas
K 9TO# 3amaue COBEPIIEHHO HeNpaBHJeH, a HPUJIAIHO®
COBIAJIeHNe® C IKCIepEMeHTOM ciayuaiimo. IIpmumna sToro
KpoeTcAa B COXPaHEeHHMH KBAa3HAMOYJIbca, O KOTOPOM YIO-
MHHAJIOCh B pasjene 4.2.

K uemy mpusopur yder KyOmuecKmX WIeHOB B HOTeH-
OUaJbHOM DHEPTHH, KOTOPEe ME HMeeM OpPaBO CUHTATH
BO3MYIEHHEM, MOKHO HCCIe0BaTh, paccCMaTpMBasg Mart-
pUYHEIe 3JeMEeHTh, HOCTPOeHHEe HAa HEBO3MYIEHHHIX
COCTOSIHAAX. JT0 — KOMOMHAIMA COCTOSHHME CBOOOTHEIX
¢onoroB. ITOCKONBKY CMEIEHHS aTOMOB, COTJacHO CO-
orHomennio tana (4.1.2), amHeiiHO 3aBHCAT OT AMILIH-
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tyAel KonebaHmY pemeTKH, WIEH, COMEP/KANHAN TpeThH
CTelleHH CMeMeHM#, KyOMuecKHN Tak/Ke W OO aMILIATYHAE
¢doHoHOB. /g Ka)KMOro ¢ MATPHYHLIE BJIEMEHTH CBI3HI-
BalOT COCTOAHUA, B KOTOPHIX YMCI0 (OHOHOB OTIHYAEeTCHA
Ha eNWHUIY, TaK 4YTO KyOuYecKMM djieHAM OTBedYaT
MaTPHYHHE 3JeMEeHTH, B KOTOPHX TPH (OHOHHBIE MO[(bI
MeHAIOT CBOM YWCJIA 3alOJIHeHMA Ha OOuH QOHOH Kajkuasd.
Ba:XKHK TOJBKO Te TPOLECCH, TPU KOTOPHIX MOYKET COXpPa-
HATHCA DHepruA. Torma 3T0 Te HPOINECCH, B KOTOPHIX
JiBe MOJBI C BOJTHOBEIMH BeKToDamu K, 4 K, TepAIOT Kak-
nas oo ¢oHOHY, a Mofia k4 mosiyuaer QOHOH, MM HAOGOPOT.
(B TpexmepHOM ciyuae HMMeOTCA L0 KpaiiHeir mepe TpH
($OHOHHBI® MONH [JA KayKaoro K, HO Mbl [JISL IIPOCTOTHI
onyckaeM fo0aBo4YHHe HHAeKcH.) VMrtak, mepexopm, Ipef-
CTABIANINYA HaWOOJbIIAA WHTEPEC, CHMBOJINYCCKH MOMK-
HO TPEeACTAaBUTh KaK

ky, ky—> ks (.2.1

N3 ycmoBms coxpaHeHHS KBasmuMIyjbca, 00Cys;kmasime-
roca B paspene 4.2, MBI 3HaeM, YTO TaKO#l MEPEXOof BO3-
MOK€H, TOJBKO eCJH ‘

By + ky— Ry =G, (5.2.2)

rne G- — BexTOp 0OpaTHO# peleTku, TOT, KOTOPHIA MO-
ABIsercA B 3aKoHe DBparra mas mudpaknum BOAH Ha
ueanbHOM KpHcTasdie. Boamoxen mepexon u ¢ G = 0 *).
B mpormBomosioKHOCTE BHPTYQJIBHOMY NEPEeXOfy, HC-
TAHHLA Tepexof He MOKeT MPOUCXOJAAThH, €CJIA He coXpa-
HeTca dHeprusA. IlockoabKky sHeprus ¢oHOHA ecTb R,
Ime ©® — ero Kpyroeasg dHacToTa, Tpebyercs, 4rolnl

0, + 03 — wg = 0. (5.2.3)

IlosBnenme G B mpaBo#t wactm Brpaskenus (5.2.2)
00yCclI0BIIEHO aTOMHHIM CTpoeHHWeM Kpucrasuaa. [as He-
OpPepPHBHOA Cpefsl ¢ HeJWHEHHKIM , OTKIAKOM Ha HedopMa-
A0 HNOJY4YalOTCA Te Ke YPaBHEHHA, HO, ONHAKO, BCErga
G = (0. B sTOoM ciyuae 3aKOHB CCXPaHEHHA OYeHb IO-
XO}KM Ha 3aKOHH COXDaHEHWs 5HEPIHA M MMIYJbca HpHA
cronkHOBeHusAx dvactun. CiegoBaTenbHO, ME HMeeM CH-
Tyanmio, Kak A rasa B 0OeCKOHeYHO [NAMHHOHA TpyGe
¢ TIafiKAMA cTeEKam#. [{axe ecld MONyCKAIOTCH CTOJKHO-
BeHNA MEeXAY MOJEKYJaMH, HMIOYJBC B HaIpaBJCHHUH
BROJb TPYOH coxpaHsaercda. Ecanm NOAAHHE AMIOyabe He

*) Taxkue mepexopbl HA3KBAKT HOPMAJLHEMHA. (ITpumeu. ped.)
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paBeH HYyNI0, OH, HecMOTpA Ha CTOXKHOBeHHA, Oymer
0CTaBaThCA TAKHMM KO, M HOTOK rasa, K TOMY jKe IIepeHO-
CAIAA dHePruio, crabunen, HpUYeM MJifA NONAep:RaHHA
ABMKeHAA He TtpebyercA TrpajfimeHTa TeMIepaTypH HIH
nAapienus. [IpmumEa, mo KOTOpOH HAa HpPAKTHKe TEILIO-
IPOBOJHOCTh ra3a KOHEYHA, COCTOMT B TOM, 4TO IpHU U3-
MEePEeHUAX KOHIBI TPYObl 3aKPHITH, TAK YTO HE MOJKeT
OHTH pe3yJbTUPYIOMEro NOTOKA ra3a, W IOXTOMY HeET
OTJINYHOTO OT HyJisA HOJHOTO mMIynbca. B ciaydae Kpu-
crajia (QOHOHBI MOTYT POMKHATHCA M YHHUYTOKATHCA HA
IrpaHUIEAX, TaK 49T0 (OHOHHEIA HOTOK HEYIpaBJAEM.

HNuorga shaBuraioT Bo3pajkeHne, 94T0 COXPAHAKIIASACA
CyMMa BOJIHOBHIX BEKTOPOB, WJIM IOJHbIA KBa3UUMIYJBC,
He OPONOPIHMOHAJbHA NOTOKY JHEPIUA M, CJIef0BaTeIb-
HO, TO, YTO KBa3UMMIYJbhC He PaBeH HYJI0, He O3HAYaer,
4TO OTJIMIEH OT HyJAA W morox smepruu. Orser cocrourt
B TOM, 4YTO B3amMopeicrBie (OHOHOB HOCPEACTBOM NpO-
1IeCCOB, YAOBJETBOPAIOMHMX NpasmiaaM orbopa (5.2.2) *)
u (5.2.3), MOJIKHO TPHBECTH K CTaTHCTHYECKOMY PAaBIIO-
BECHIO ¢ HepaBHHEIM HYJI0 KBa3MHMIYJIBCOM. JTO COCTOM-
HHe JIETKO OLPEeNeNuTh, X W3 er0 CHMMEeTDHH. Cpasy BHUJHO,
9T0 B HeM LHOTOK JHeprud He paBeH Hyal. MH [enaem
BEIBOJ[, 9TO KpHCTaJJ He OymeT mMeTh KOHEYHOH Tero-
NPOBOJHOCTH, €CJIM PacCMaTPUBATh er0 Kak HelpephB-
HYI0 cpefly, He YUYNTHIBAS AaTOMHOW CTPYKTypHl. BmiBon,
OYEBU/IHO, OCTAETCA B CHJE, eCJM MBI BKJIIOYMM MPOLECCHI
0ojiee BHICOKOrO IIOPAMKA, BOBJEKAIONIMe dYeThipe WU
Gonee GOHOHHHIX MOJ.

Bce jxe maa cIIOmMEBON cpegs [oKasarteiabcTBo Jlebas
Kazajoch cmpaBefauBeiM. B uem jxe ommbka? Orser
37ech Takoi: B Mofenm 6e3 MOMKHEIX IPEeXoCTOPOKHOCTeH
pesyabTaTH, TOJydeHHBI® I PAcCCesHUsA CcBeTa, ObLIA
OpusHaEH 000CHOBAaHHHMHA 1A mamHOi 3amauu. Cram
NapTHAs TEOPHA pacCesHds cBeTa Ha QAyKTyanuAX IJIOT-
HOCTH paccmarpmBaeT (QUYKTyanmu KaK CTaTHYECKHe
o0sacTd W3MEHEHHOTO IOKasaTels MpeloMIeHHsA; APY-
rAMH CIIOBaMH, B Heil mpereGperaloT CKODOCTBIO H3Me-
HeHMA MJIOTHOCTH, OO0YCIOBIGHHOH NBU)KeHHeM HE ydd-
THBAIOMMXCA ABHO BOJH KoiaeGammil pemerkn. B ciaydae
cBeTa 9THM, [eHCTBHTEIbHO, MOKHO IpeHe6peyb, IO-
CKOJBKY (UIYKTyanuud IIOTHOCTA MOTYT ABUTAThCA TOJBKO
CO CKOPOCTBIO 3BYKa, KoTopas npuMepso B 10° pas Menbe
cxkopoct: csera. Ho momo6HAA BO3MOKHOCTH CTAHOBUTCA

*) C G = 0. ([Tpumeu. ped.)
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0YeHh COMHHTEJBHOH, KOTHA paccMaTpHBaercs paccesHne
3BYKOBHX BOJIH, CKOPOCTh KOTOPHIX B TOYHOCTH COBIA-
JaeT CO CKOPOCTHIO BOJIH IJIOTHOCTH, ABAAIIIUXCH IIPH-
gnHo# QuyKryammit. ToJbKO HOJHOCTBIO YYHMTHBAA [(H-
HAaMHMKY BCeX BOJH, MOKHO IpHiiTH K (QyHIaMEHTAJbHO
Ba)KHOMY B3aKOHY coxpaHeHHA (5.2.2).

B peampHHX KpHCTa/jaX aTOMHAfg CTPYKTYpa CIAYMKAT
NPAYMHORA mepexonoB ¢ G = (0, KoTopbie HA3KHBAKT MPO-
neccaMu mnepebpoca uim yMKjaanm-mpoieccamu (0T THe-
menkoro ciaoBa «Umklapprozesse»), mockoabky o0GHYHO
UMEIOT [eJI0 C B3aMMOMEHCTBHEM MIBYX BeChMa KOPOTKO-
BOJIHOBBIX Kouae0aHmil, MBMKYIMUXCHA, CKajkeM, BIpPasBo,
a pesyJibTaTOM MABIAETCSA He Kojiebamme ¢ eme O0abIIAM
BOJTHOBEIM BEKTOPOM, HAIpPAaBIEGHHHIM BIOpPaBO, a KoJe-
0amme, pacupocTpaHAIEecs BIeBO. Takme MPOIMECCH
nepebpoca, Hajimyde KOTOPHX CYIIECTBEHHO IJIA KOHEY-
HOCTH TeIJIOBOTO CONPOTHBJIEHWS, NPH HHA3KUX - TEMIIe-
parypax pefiKu.

OGnacTs BOBMOKHEIX 3HadYeHmi K COCTAaBIfAeT TaK Ha-
3piBaeMYI0 HepByI0 B30HY DBpuianaosHa, KOTOPYI MOKHO
OOJIY4HTh, IIPOBEISA M3 IEHTPA BCe BO3MOYKHEE BEKTOPH G
H BCe OPTOTOHAJBHEIE MM IJIOCKOCTH, JEJNAMUAE DTH BeK-
Topw momoyiaM. He cumras mHoskmTens 27, MakcHManab-
HOe 3Ha4Yenme K MO MOPAAKY BEIHYMHH €CTh mepuof 00-
patHo#l pemerkm. UToOH TPH BOJHOBHX BEKTOpa B CyMMe
cocrapuin G, mo KpadHeii Mepe ONHH M3 HHUX JOJIKEH
6biTh IaEHEee G/3. ITO 03HAaYaer, YTO ero SHEPrus MOJKHA
OpPeBOCXONUTHh HEKOTOpoe KOHeYHOe 3HaueHHe, MeHbIIee,
HO IO HOPAMKY BEJMYMHH COBIAfalomee ¢ MaKCAMAJbHOMR
9Heprmeil aKyYCTHYECKOr0 CHOEKTpPa. A 0pW HH3KAX TeM-
mepatrypax 4mcio Takmx $OHOHOB, coriacuHo 3axkony Ilnan-

Ka, mopAfKa
exp (—hw/ksT).

CnenoBaTensHO, IPH O4Y€Hb HH3KHMX TeMmepaTypax Hajo
O/KHJIaTh SKCOOHEHIMAJABHOTO POCTA YAEABHOM TeIiompo-
BOJTHOCTH. JTO NIpeCKasaHue, CAeJaHHOe aBTOPOM B CBOei
nuccepranme B 1929 r. *), Gouio -mopTsepskmeno Bepma-
nom **¥) 8 1951 r.'

ITocnenanit BHIBOX 3aBACHT OT KBAaHTOBHX 3PdeEKTOB,
no orpagmuenms (5.2.2) m (5.2.3) H TPaAKTOBKa BHICOKO-

*) Cm. Peierls R. Quantum Theory of Solids.— Oxford, 1955. —
§ 2.4. Nmeerca mepesop: Ilaitepic P. KBamrosas Teopusa Teeppsix
Ten / Tlep. ¢ amra. A. A. AGpurocosa.— M.: HJI, 1956.

**) Berman R.// Proc. Roy. Soc,—1951,— V. A208.,— P. 90

127




TeMIepaTypHO# TeILIONPOBOMHOCTH OT HHX He 3aBHCAT.
Mostomy pmomxHA CymecTBOBaTh BO3MOMKHOCTH IpeACTa-
BATH HAWIM BHBOAK HA H3KHKe KIacCHYeCKoil (H3mKm,
XOTS OKa3HBaercd, 4TO 3T0 yHuBHTeaAbHO HeymnoOHo. Ha
9TOM S3HKEe HAIIAMHA IMEePEeMEeHHHIMH ABIAIOTCA aMIIATY/IHL
pasamuHbiX MoA. B TakoM caydae JIerko BHIBECTH COOT-
HomeHusa (9.2.2) m (5.2.3) mas orGopa B3amMOmEHACTBYIO-
mEX APYr ¢ ApyroM Mox. Vcmoabsysa 3aKOH COXpaHeHHSA
9HePrum, JEerko TakKe IOKasaTh, 49T0 LPH B3aHMOJeHcCT-
BUHA, COOTBETCTBYIOMEM OO0CY:KIaBIIeMycs NpUMepy, yBe-
JUYeHWe HHTEHCHBHOCTH MONH 3 pPaBHO CyMMe IOTephb
B mHTeHcHBHOCTAX MoN 1 m 2. Ho Mm ofmapys;xuBaeM,
970 Tpebyercs eme OIHO COOTHOLIeHHe, YTOGH 3aMKHYTH
ypaBHeHms. OxasmBaercs, 3TO HOTepAHHOe YCIOBHE Ha
A3HKe KBAaHTOBOM (HM3UKH COOTBETCTBYET YTBEPKIEHUIO,
9T0 B HPOLECCe B3aMMOMEHCTBUA UMCIA 3aHOJHEHHA Kaik-
Ioil M3 Tpex MOJ MeHAIOTCA Ha enmamny. Ha sasnike wiac-
cHYecKoi ¢mamKm 31O 03HAUYaer, 4T0 ecid Al — maMeHeHme
MHTeHCABHOCTH JAaHHOH MOJIE, TO

AII/"OI = AIz/(l)2 == —AI3/(03.

Honeuno, srm paBeHCTBa CHpaBEeNJIHBH W MOTYT OHITH
HOKa3aHH B KJIACCHYECKOH MEXaHMKe, TaK jKe KaK H B
KBAHTOBOM, HO ecid Ol KBAaHTOBHIHA CiIy4ail He HONCKA3aJ,
9T0 CIeAyeT OKHUAaTh HX anonnenna, OHHM JierKo Obuim
Onl TOTEepAHH.

B mcropum samaum o Tennonpononnocm $OHOHOB ecTh
ere HeCKOJbKO JOMOJHATeNbHHX CIOPIPU30B, HO, HaBep-
HOe, CaMHIM HEO)KHIAHHRIM M3 HAX OKAa3EIBAeTCA TO, 9ITO
Jayke CerofHA 3[eCh MMEIOTCHA OTKPHITHe Bompock. OgHAaKO
OPOJOJIFKeHAe PACCKa3a 3aBeso OH HaC CAMIIKOM JajieKo *),

5.3. Teopus BosMymeHHs
B TPaHCOOPTHBIX ABJICHAAX

Yacro mpm HCCIeOOBAaHAHA TPAHCHOPTHHIX ABJIEHUHU
paccMaTPUBAIOT CHCTEME CO MHOTHMH CTEIEHAMHA CBOGOMHI,
KOTOpHle [OYTH HE3aBHCHMEI, ONHAKO CBS3aHH B3aMMO-
neiicTBEAMH, HeoOXomMMHMH, 4To6H obecmeumTh mpHOIn-
JKeHAe K COCTOSHAIO TEIMJIOBOTO PAaBHOBECHS M KOHEYHOCTH
Kosppuuuenta mnepeHoca. OnmE m3 mpumepoB TOMY —
ofcy»naBmasca B TpeNLAYIEM pasaene TemIompoBOJ-
HOCTh HEMeTaljoB, I[e pOoJb B3aUMONEHCTBHA KIpaioT

*) Cm.: I'ypesuw B.JI. Kumernka GoHOHHHX cucteM.— M.:
Hayxa, 1980.—400 c. (ITpunmeu. ped.)
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aArapMoEUaMH. JIpyroii. mpuMep — 5JIeKTPOIPOBOXHOCTD
H TENIONPOBONHOCTH METaJJIOB, Ifieé 9JEKTPOHH OGHYHO
PacCMaTPUBAIOTCA KAK JBIGKYIHMECH MOYTH CBOGOMHO, HO
monycKaercs B3amMOfeAcTBHe ¢ (oHOHAMH, NPHEMECAME H
nedpexramm.

Bo Bcex sTMX caydasx ecTeCcTBeHHO CUMTATH B3aHMO-
meficrede caabhiM M paccMaTpHBAThH €ro KaK Majoe BO3-
Mymenne. MeTod, KOTOPEIM JJIA 3TOr0 MOKHO BOCHOJb-
30BaTbCsA, COCTOMT B (OPMYNHDPOBKe ypaBHeHHA DBoJabm-
MaHA, HampuWMmep, [UIA YHC]IA DJIEKTPOHOB B JAHHOM COC-
roarnn n (k). CormacHo sTOMy ypaBHeHMIO 06YycI0BIeHHAST
B3aMMOJIE[ICTBAEM CKOPOCTh H3MeHeHHS n (k) mMeer cle-
OyIOmAR BHM:

dn (k

Z {(Brewn (1)1 — n ()] —
— Brwn ()1 —n(&)]);  (5.3.1)

3[ecb HEPBHIH WieH mpefcTaBiseT c000i YACIO DIAEKTPO-
HOB, MNPHMIE[UIAX B COCTOSHWEe /K, a BTOPOH — YHCIO
9JIEKTPOHOB, YIIe[UIAX B Pe3yJbTaTe PacCesHHsS M3 HTOIO
cocToAHAA. B KasKmOM M3 WiIeHOB 3TOr0 BHIpaskeHHA Tpe-
THA COMHOKATeNDb 0GycioBieH nmpmununoM Ilaymm, mpep-
craBusasg co6oi BePOATHOCTH TOrO, 9TO KOHEYHOE COCTOA-
HEe He 3aHATO. OmATH ONymEHH BCe HMHAEKCH, KpOMe
BOJHOBHX BEKTODPOB, H He OTMe4eHa SBHO 3aBHCHMOCTH
k03(ppunmenToB Brxs OT APYrax cremeHeir CBOGOAH, Ha-
npuMep QOHOHHHX COCTOAHMIA.

Ecnn B3aumoneiicteue ciaGoe, BepoaTHoCcTh mepexona B
MosxeT OHTH BHIPa/KeHA B TePMHHAX (30JOTOTO IPaBHIA»
@epmu:

Buw = “| <k| WKL 8 (i — B, (5.3.2)

rpe <k| W | k') oGosHagaeT MaTPHYHKIA 27eMEHT B3aHMO-
NefCTBHA, CBASKBAIIMUA 3I6KTPOHHKE cocToanua k u k',
a TaKKe COOTBETCTBYIOMIM® COCTOAHUA (OHOHOB HIH MPY-
rax cremeHeit cBoGonmet, E; m E; — HawanbHAaA X KOHEY-
Hasl DHEPIUH, BKIIYAIONAE SHEPIHIO HIEKTPOHOB M DHEp-
THH BCEX OCTAJNBHBIX cremeHeil CBOOONEI, KOTOpHie MOIYT
H3MEHHUTHCA.

Yrob6n omeHATh rpPaHUNE NPAMEHHMOCTH «30J0TOTO
OpaB®ja», HAJX0 BCOOMHATH, YTO OHO BEIBOAHUTCH B 3aBH-
CAMeH OT BpeMEOHH TeOPHH BO3MYIIEHHH ¢ MCIONL30BaHAEM
CIeAyIOIIero pesyibTaTa: €CIX HM3HAYAJIHLHO CHCTEMa Ha-
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XOAMIAach B COCTOAHHH i, BEPOATHOCTH TOT0, YTO dYepes
BpeMa ¢ oHa OyHer B COCTOSHWE f, €CTh

G IW 1D (), (5.3.3)
rme D (f) ompemexasiercA TaK:
—cos (E; — E)t/n

(B, —E))? :

D@#)—2- (5.3.4)

Ilns nwoGoro ¢urcmposagHOro ¢ gymrnmus D sasucuT OT
PA3HOCTH DHEPrHil HAYAJBHOTO W KOHEYHOTO COCTOAHHH.
9ra 3aBHECEMOCTb OOKasaHa Ha pHC. 0.3. lsoGpaxenHas

nd?

AEt/h
1 1
-0 -5 0 5 0

5.3. ®ymknus ot6opa D BO3MOKHEX 3HAYEHWHA SHEPIHH

dyEKOEA mMeeT OCTPHA MaKcEMyM BhicoTH (#/A)? m mm-
PHEH HopAnKa itf/t, Tak YTO INIOIAABL HOJ HAM IIPOIIOP-
nmoHAIbHA i/f; TOYHOe 3HA4YeHWe IIOMARM IO, KPHBOM
ectb 2ni/hi. Ilna mocraTtouHo GOJBIIMX BpeMeH IIXPHHOL
MaKCEMyMa MO)XHO HpeHeGpedr M B Ipefiele 3aMEHHUTh
oTy QyEKnui0 6-QyHKOHe#. ITO M IPHBOJAHT K (30JI0TOMY
OpaBUIy», W AJs JOCTAaTOYHO GOJBIIAX BpeMeH He BO3-
HEKaeT BOOPOCA O €ro IPAMEHHMOCTH (€CaH HOIYCTHTH,
gro mpeHe(pe;keHHe Gojiee BHICOKEMH CTENEeHAMH B3amMO-
peiictems W Bcerga BO3MOKHO).

Ho nmpm nmpuMeHeHHE 3TOT0 MeTOfa A BHYHCIEHHS
CKODOCTH IIepPexofia, KOTopas J0MKHA OHTH MCIOIb30BaHA
B ypasHenmm BoasnMana (5.3.1), MH He Mo:KeM paccMar-
puBarh cammKoM Goxbmme BpemeHa t. Ecam ¢ Goxsmre,
YeM BpeMs MEKAY CTOIKHOBEHHAMH T, MOTYT IIPOHCXO-
AUTh DAapHEE COY/JapeHUA MW CTOJKHOBeHHA OGoabmeit
KpaTHOCTH, KOTOPHE (OPMAJIBHO COOTBETCTBYIOT UIeHAM
foxee BHICOKOrO mopsaka mo W, m Torna HME HeIb3A
npeneGperars. Vtak, ¢ momxno 6uite Mensme T. Ho Torma
mupuna pyrrnuz D Goabme, gem 7/t. MH, TeM He MeHee,
Mo;KeM NpeHeGpedb ee IIMPUHOH, ecaumfHA dTO mMAMpHHE
m3MeHeHHEe C 5SHeprmeil ABYX MHOKHTeleii B ypaBHEHHHN
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4
Boanpnmana mané. Opmako ¢ymknus pacupenenenus n (k),
HECOMHEHHO, 3aMETHO WU3MeHAeTcs, KOTMa SHEePTHs Me-
aaerca Ha kgT. Ilostomy xamercs, dro oGwdYHOe pac-
CMOTPEHME OCHOBHIBaeTCA HA YCIOBHO

hiv < ksT. (5.3.5)

Ilpz HapymeHAW B3TOr0 YCJAOBWA, Kasalnoch OH, HeIb3A
GHITH YBeDeHHHIM B TOYHOM COXDAHEHMH JHEPTHH IPH
mepexofie. JT0 He IOAPAa3yMEBaeT, 4TO MOKeT OHITH Ha-
PYIIEeH 3aKOH COXPaHEHHWS JHEPIHH, HO 3TOT 3aKOH IpPH-
MEHEM K IOJHOH DHEPIEH, BKJIIYAOIIEH CjaraeMse,
ONMCHBAOIMUe B3amMmofeiicrsme. IIpm OGHYHHX CTOJIKHO-
BeHAAX W30JHPOBAHHHIX Tl 3HEPIHA B3amMOJeHCTBHA
obpamaercs B HyJIp [0 H IOCHE CTOJKHOBEHHsA, W TOrNA
8aKOH COXPaHEHHA SHEPTHE NPHMEHAM K HEBO3MYINEH-
HEIM HEePrusAM, 9TO U BHpaskaerca 0-QyHKOuUed B «3010TOM
npasmie». Ho eciim BpeMs MeKAY CTOTKHOBEHUSIMA MEHBING
TIPOROJKATENBHOCTA OJHOTO CTOJKHOBEHMS, B3amMOJeHCT-
BHEeM HHUKOT[A HeJAb3d NpeHe0pedb, M HHUKOTAA 3aKOH
COXpaHEeHHWs He MOKeT OHTh OPEMEHEH K HEeBO3MYIEHHLIM
sHeprusaM. Bunonmerme yemosma (5.3.5) mompasymeBaer,
970 eCTh YBEPEHHOCTH: CTOJKHOBEHHE INOJHOCTHI0 3aKOH-
YAAOCH W SHEPTHs B3amMOfedcTBHA crana Mempmed kgT.
Opmako gmisa sroro Heob6xomumo Bpems, Goabmee 7#/kgT.

Hamee, mas paga MeTajyioB OMEHKA CPABHHBAEMHX B
(5.3.5) BeamuME mOKa3HIBaeT, YTO OHM ORHOrO HOPAAKA —
mHOTAa OOibIme OfHA BeIWYWMHA, MHOTAA — apyras. Ilpy-
TEMHE CIIOBaMH, 9T0 HEDAaBEHCTBO HHUKOTAA KAaK CIeyer
He BHOOJHAETCH, a 9aCTO — CHIBHO Hapymaercd. Bos-
HEKaeT BIEYATICHHE, YTO 3JCKTPOHHAS TEOPHA METAJJIOB
OCHOBHIBaeTCS HA O04YeHb 3HOKOM (yHIaMeHTe. ITO HEOKH-
AaHHOE NOJI03PeHAE OTHOCHTEIbHO HAJ(KHOr0 MeTo/ia OHIIIO0
OmpoBeprayTo eme 0ojiee HEOKHAAHHOA apryMeHTamuei
Jlangpmay.

O= cnac moiosKeHHe IO KpaiHed Mepe A TeX CIy-
9YaeB, KOIfla OPH B3AaHMOMEACTBEH DSHEPIHA DIEKTPOHA
He MeHserca. O4eBHAHO, 9TO OTHOCHTCA K PacCeSHHIO HA
npuMecsax 7 AedeKTax pemerKH, MOCKOJIBKY OHH HAaCTOJIb-
KO MacCHBHEe 3JEeKTPOHA, YTO OPH CTONKHOBEHHH MOIKHO
npese6peds X oTAadeir. ITO TaKKe MPEMEHHMO K B3amMO-
OeiictBuio ¢ OHOHAMH IIPH TEMIEpPATypax BhHIIEe TEMIe-
parypu JleGan ©. Ilpm sieKTPOH-POHOHHOM B3aMMOJEli-
CTBHH OCHOBHHIM IPOIECCOM SBIAETCA NPONECC, IpHA
KOTODPOM pOKJaeTca midm yHmYTO:Kaerca ¢omon. Ho kp®
onpepensAercd KaK MAKCEMAaJbHASA SHEPTHA aKyCTHIECKOTO
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doHoHa, TaK uTO mpHE TeMmeparypax Bwme O smeprusa
donona menbpme kg7, a H3MeHeHHEe dHePrUU HA BOJIHYHUHY,
Mensmyio kg7, craTHCTHYECKH HecymecTBeHHO. Eciam He
YYATHIBATh KBAHTOBHX 3P(EKTOB, 3JIEKTPOH UYYBCTBYET
0ecnopsIOK, BHBBAHHHI KOJe0aHWAME DemeTKH, Kak
CTAaTH9YeCKOe IpensATCTBHEe (KaK CBETOBHE BOJHE, B COOT-
BETCTBHH CO CHEeNAaHHHM B pasfeie 9.2 3aMedaHHEM).
B caywae crarmuecKoro IOTeHIHWAJa MOKHO HpeficTa-
BUTH cefe, 4TO I HEKOTOpOoi sHeprmm E mmeercs peme-
Hue ypaeHemmsa IllpegmHrepa p[is 9JIE€KTPOHA B IOJe
HepPeryJaApHOro moreHmuana. Ha mpakTmke HaM HHEKOIJA
He yJAaercA BHIOMCATH DTO pelIeHHe, HO B NPHHIUIE OHO
cymectsyer. OHO YyuHTHBaeT BCe HEYNOPAN0IEHHOCTH,
ABIAIACCA OPAIMHOA paccessHAA, W IOITOMY BO BHeI-
HeM IoJie BO3HHKAeT KOHEeYHHIH BIeKTPUYecKHA ToK. Ecam
B3aHMOJIeACTBHE AOCTATOYHO ciaGoe, pemenrme MoKeT OHTH
PasiIoKeHO B PAJ IO CTEmeHsAM B3amMopeiicTsmA (ciaefo-
patenbHO, mo cremensam 1/t). Ilpemen, mpm kKoTopoM pAn
CXOHTCA HACTOABKO OHICTPO, UTO HEPBHI 4UYJeH OKAa3khl-
BaeTcsA MOMUHHDYIOIMUM, [OJKeH BaBHCETh OT T, HO He
MOKeT CBOTUTBCA K ycaoBmio (5.3.5), HOCKOJABKY TeMme-
parypa eme He ymoMmHAJIach. JlaHJay mpHmesx K 3aKJio-
9eHHUIO0, 9YTO HA CaMOM J€JIe JOKHO BHIIOJHATBHCA YCIOBHE

klv < E. (5.3.6)

B Meranne, YHCIO 3JEKTPOHOB KOTODOTO BEIMKO, TOKH,
BH3BAHHEIE Pa3IMYHHIMA DIEKTPOHAMHE, CKJIAJHBAIOTCA H
IIOCKOJIbKY OCHOBHOM BKJAJ HAIOT 3JEKTPOHH C YHEPrus-
mu, Gnuskumm K seHeprmm Depmm, cymMapHbIE 3@dexT
NMOMKeH NPHBECTH K 3aMeHe yciaoBHA (5.3.0) Ha HepaBeH-
CTBO

kit < Eg, (5.3.7)

rne Ep — sneprus PepMr. ITO yCa0BHEe XODOIIO BHIIOJI-
HAETCA [JA BCeX METajIoB; MOI'yT OHTH COMHEHHsA OTHO-
CHTEIBHO MOJYHPOBOGHAKOB M IOJYMETaJJOB.

B caydasx, Korga mepefada 3HEPTrHE CYIIECTBOHHA,
HeJb8A HMCIONb30BATH BHIBOX JIaHmAy M, CiIEeA0BATEIbHO,
HeJIBb3S IOKa3aTh, 9YTO He 00A3aTEIbHO BHIOJHEHHE Orpa-
HpumTenbHOro ycaosua (5.3.5). OmEako mMeercda JHMIb
HeGOJIBIIOe UACIO CAYyIaeB, KOIZla 3TO MOKET HIPHBECTH
K SaTPyAHEHHAM HAa IPaKTHKE.

Hame onmcamme ypaBHeHHA DBoasnmana # cmocofa,
KoropuM JlaEgay paspemmn BO3HUKIIee S8aTPy[AHEHHE,
Temeph IOKAKeTCA CTAPOMONHEIM: B COBPEMEHHHX H3J0-
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EHHAX BOIpPOCA CKJIOHHH HCIOJH30BaTh Topasmo OGosee
yTOHUEHHH A3HK. TeM He MeHee H TaM TIPHXOAAT K YCJIO-
BHIO, SKBHBAJEHTHOMY ycJaoBmi0 Jlammay, ecaim He orpa-
HUYABAIOTCA TOJBKO BHINCHIBAHEEM DA3J0KEHHAS B PAX
6e3 BRISICHEHHS CKOPOCTH €r0 CXONMMOCTH.

B o710it 3ajmade OKOHUATEJLHEIA pE3yAbTAT MOKHO
chopMynImpoOBaTh TakK: 0E3HICKYCHHIA NONXOM, HE HpEeTeH-
IyOmui Ha JOCTATOYHO riyboKoe mcciaemoBaHEe BOIpOCa,
B OOJBPIIMHCTBE CIydYaeB JaeT NIPaBHIABLHEIA OTBET, a CO-
MHEHN#d, BO3HHKAIOmMMe IpH (Gojee TIATeIbHOM pPaccMoOT-
PeHNH, B KOHEYHOM CY€Te OKA3HBAIOTCA HE00OCHOBAHHKMIA.
910 — OfHA W3 HEPeAKWX CHTyammit, Kortopeie Ilayam
ai0071 HAa3HBATH (3aKOHOM COXpaHEHHS HeOpeKHOCTeil»,



6. 3ATAYN MHOI'MX TEJI

6.1. I ¢erTsr BHIXOHA 32 DHEPreTHUYECKY (0
HOBEPXHOCTh HpPH MHOTOKPATHOM paccesHHA

CraEmaprHas 3afiada TEOPUHA PACCESHHA — OLPEIEIUTH
aMIUIATYAY paccedHAA NIPH 3aJaHHOM MOTEHIAAJE B3aHMO-
MeficTBHA Me;KAY majaiomeil gacTuneil m MumeHblo. EcTs,
OHAKO, MHOTO CjJyd4aeB, KOIJla HHTEpecylTcsa o0parHOR
8ajlaueil — HAXO:KIEHHEM IOTEHIMAJA B3aHMOJEACTBHUA IO
HabmomaeMoMy paccesgHmio. Tak o0CTOHT Jieno, HaIpPAMED,
B sAflepHOA ¢HU3mKe, Ie B3aEMHOE paccesdme HYKJIOHOB
ABIAETCA BAKHHIM HMCTOYHAKOM HMHPOPMANWE O HYKJIOH-
HyK/I10HHOM B3ammopeiicrsmm. OpgHa W3 TpyRHOCTEd aHa-
JIA3a JTOH 3aa9l COCTOMT B TOM, 4TO SKCIEPUMEHTH IO
paccegHUIO ONPeNeNAT TOAbKO nupdepeHmmanbHOE Ce-
YeHHe paccesHUs, KOTOPOE CONEPIKHT KBagpaT MOXYIA
AMIUIMTYIB HMJIH, € Y4eTOM COHHA, CYMMY KBafpaToB
HECKOJIBKHX aMIUIATYA. BeamumHOM, mpecTaBiaAIOmeR HH-
Tépec NS TeOPETHKA, SBJIAETCA caMa aMIUIATy[a pac-
CesHHA.

B nassE MOMEHT ME He HaMePeHH 00CYKIATh METONH,
HACHOJB3yA KOTOPHE MOKHO IO CEYCHHI0 paccesHAs H
OPYyrAM SKCOCPHMEHTANBHBIM NAHHHM (HONApH3amMsa, [e-
IOJNsApH3anasA U T. A.) DOJAYIATh MHEPOPMAnHUI0 06 aMminm-
TyHe pPaccesHHs, a MPOCTO HPENHOJO0KHM, 9T0 aMILUIATYIA
pacceanns maBecTHa. HacKoJIbKO 3Ta BEeIWYMHA OMPENie-
JseT XapaKTep B3aHMOXEACTBHA?

Ecam MokHO CUHTAaTh, 9TO B3aHMMOJEHACTBHE CTaTHIe-
CKO€, T. €. 9TO DOTeHOHAJ B3aMMONEACTBUA 3aBHCAT TOJb-
KO OT OTHOCHTEJIHHOTO PACHOJIOKEeHHA ABYX dYaCTHI, HO
HE OT HX OTHOCHTeIBHOTO EMOYJIbCA, TO HMEIOTCA XOPOIIO
HM3BECTHHIE TEOPEMhI, HOKA3hIBAIOM[AE, 9TO DTOT MOTEHIUAI
eqmHEcTBeH. (DaKTHYECKH B3ajada ero HaXOKIeHHA Iepeol-
peneneHa. [demo B ToM, 9T0 eCiin HET CBA3aHHKX COCTOSHAM,
3HAHHA aMILIATYIH pPaccesHAs J000#4 napnualbHOi BOIHE
Kak (YHKOUA SHEPrad JOCTATOYHO, YTOOH OIHO3HATHO
OIpeNeJUTh NOTEHIHAJ, A& NPA HAIWNIEA 7 CBA3aHHEIX
- COCTOAIHMHE IIOTeHI[HAJ ONpe/eneH, eclId H3BECTHA aMILIHA-
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Tyla OPH BCeX dHEPTHAX HEMPEPHBHOIO CHEKTPAa, a TaKKe
H3BECTHHl YHEPIAA CBA3aHHHIX COCTOSAHAA H 7 NOIOJHH-
TeIBHHX YHCJIOBHIX MapaMeTpoB. 3JHaHWEe aMIUIATYOH pac-
ceAHWs KaK (YHKOHE dHeprud W yria Jaer Ham mAEpopMAa-
nui0 000 Bcex DNAPNAAJBHKIX BOJHAX, CPeOd KOTOPHIX
BONHE ¢ 0ojiee BHICOKAMHA OpOHTANAMEH OOBLIYHO HE HMEIOT
CBA3AHHKX COCTOSHOA (eEHCTBEHHOE CBA3aHHOE COCTOS-
HEe B 3ajilaue 0 ABYX HYKIOHAX — S-COCTOSAHME), TaK 9TO,
B OpumHENuUNne, Jjaobas W3 HHAX Ompeleiser MOTEHIHAII.

Onaaxo B3aMMOMEHCTBHE MOKET U He OHTb GTATHYECKAM.
OO0ngHAsA MOJENb HYKJIOH-HYK/IOHHKX CHJI COEP/KHUT CIUH-
OpOMTANBHEI WIEH, KOTODHE 3aBHCHT OT MOMEHTA,
# 37ech He HCKI0YeHA (oliee CI0KHASA 3aBHCAMOCTb OT MM-
nyabca. Ecam He OrpaHEMYMBATHCA CTATHYECKAM B3aHMO-
meficTBHeM, TO aMIUIATY/a paccesHUs He ompefenseT Io-
TeHIHAJ OJHO3HAYHO M CYIMECTBYeT MHOr0 TaK HashBae-
MEIX «(a30BO-9KBHBAJIEHTHLIX» HOTEHIAAIOB, KOTOPHE HAI0T
OJMHAKOBHI COBHT (a3 M, CJIe0OBATEIbHO, OJUHAKOBYIO
aMILIETYAY paccesHAA. JTy HEOmPe[eJeHHOCTbh 9acTO BHI-
pakaloT B Takodl QopMynmpoBKe: HalxiogaemMoe pacces-
HAe — TO, KOTOpOe HPOMCXOAAT HA DHEPreTHYecKoH TIo-
BePXHOCTH, a WHPODMAIEE O DAaCCEsSHWH BHE DHEpPreTH-
YeCKO# MOBEDXHOCTH MH He mMeeM. IIpomcxokmeHme dToi
TEPMEHOJIOTUHA clefyiomee. Ecim noTeHnman W3BeCTeH,
ypaeHenme Illpenmurepa ompefnesiseT BOAHOBYI (QYHKIIHIO
OTHOCHTEJIBHOr0 NBHKEHHS BO BCEM NPOCTPAHCTBE. Xa-
PaKTep 3TOM BOJHOBOE (YHKOMA Ha OECKOHEYHOCTH 3a-
JaeTcs Cymepmosmmued mafaomeil m paccesHHON BOJH,
TaK 9T0 5Ta QYHKOHSA HEMOCPEICTBEHHO MME€eT OTHOIIEHUE
K aMOiamTyAe pacceasms. Ho BonHOBasA (yHKmUA Ha Ko-
HEYHOM DAaCCTOSHAN He (PHKCEPYETCS OPAMO CBOMM ACHM-
ITOTHYECKEM IIOBEIECHHEM.

Teopmio paccesHEs 9acTo (GOPMYIHPYIOT B HMOYJIBC-
HOM IPOCTPAHCTBE, I'ie MH mMeeM felio ¢ ypre-o0pasoM
BoNHOBOH PyErouE. IIpm paccesEmm gacTuns ¢ sueprueit £
B mpeoOpaszoBaHWe BOJHOBOH (QYHKOUM BHOCAT BKJAIH
BCe HMIYJIBCH, & HE TOJIHBKO Te, KOTOPHE COOTBETCTBYIOT
cBOOOMHOM dvacTHOe ¢ dHeprueir E:

p*2m = E, (6.1.1)
Te m — OpUBEJeHHAA Macca OTHOCHTEIBHOTO JBUKEHHA.
Cdepy B p-npocTpaHCTBE, onpefeleHHy0 ycaopmeM (6.1.1),
Ha3HBAIOT DHEPreTMYecKodl IoBepXHOCTHIO ¥*), a Bce oc-

*) B peIATHBACTCKO# TEOPHH AHAJOTHUHYI0 HOBEPXHOCTH Ha-
SHIBAIOT MAacCOBOH mOBepXHOCTHIO. (I[ITpumeu. ped.)
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TaJbHEE 3HAYEHHA P — He NPHHANICKAUMHA SHEPTeTH-
YeCKOH HOBEPXHOCTH.

Ha Gonrmmx paccrosEmax oT MumeHW, Ha KOTOPOi
IPOMCXONMT PacCesHNe, B3aMMOMEACTBHEM MOKHO mperel-
pedb, TaK 9TO BOJHOBaA QYHKOHA Befer ceGg Kak BOJHO-
Bafg (QYHKONA CBOGOMHOA 4YACTANE M, CJIeT0BATEIBHO,
EMeeT JJIAHY BOJHHI, COOTBEICTBYIOMYIO paBeHcTBY (6.1.1).
IoaTomy Gonsmue 7 maror BRaap B Gyphe-o6pas BOIHOBOM
¢yrROHER

(p) =W;)T2 foxp[ =2 Tpmar  (6.1.2)

C HMOYJIBLCOM 2, NPHHANJIEKAMUM 3SHEPreTHUeCKOH Imo-
BepxHOCTH. Ha »Tmx mMmynscax ¢ypre-o6pas BoTHOBOI
$ysxromm @ mMeer ocobemmocTH THmA O-PyHKmEmE. B cay-
9ae UMOYJIBCOB, He NPHMHAMJIEKANUX JHEPreTHYECKOH mo-
BeDXHOCTH, 33 CYeT HHTePQEepPeHNUH BKIAX B HHTErpall
(6.1.2) or Gonbmumx paccTOSHMH McuesaeT, a OT MAJHX
PaccTOAHME OCTaeTci HEKMH KOHEYHHIM BKJIAJ.

Jlns Toro uTOGH Hame 3HAHME O PacCesSHHE GHLIO IOJ-
HEIM, HY}XHO NONOJHATh WHPODPMANMIO, TOJYIeHHYIO H3
ABYXYaCTHIHOTO paccedgHHWs, HEKOTOPHIMA ONOIHHTENb-
HHIMH JAHHEIMH, - OTHOCAIIAMHACS K HMIOYJAbCaM BHE JHEp-
reTH9ecKoil moBepxHocTd. IloAXOmAMMM IpeNCTaBIAETCH
OpeyIo;KeHre PAacCMOTPeTh MEOTOKPATHOE pacCesHme, T. €.
PaccMOTPeTh mOC/Ief0BaTeNbHOE PACCeAHHe mafalmei Jac-
TANB PANOM AHAJOTMYHHIX MUINIEHEH, pPaCHOJI0KeHHEX
HoCTaTOYHO O6IMBKO APYr K Apyry, TaK 9YTOGH BOJEHA,
. PaccesHHAs OJHOM W3 MHUIIEHe#l, He BHIXOLWIAa OH Ha
CBOE aCHMITOTHYECKOe 3HAYCHHE Iepel TeM, KaK JOCTHYb
cienyiomeir mummenm. Jlas 9TOro paccToAEme MEKAY
MUIIEHAMA NOJKHO OHTH CPaBHEMO (HIH MEHbINE) C JJIH-
HO¥ BOJHHI M C DasMepaMH MHIIEHH.

B sroM cinygae Hamo oKWmaTh, 4TO pesyiasrar Gymer
YYBCTBUTENICH K AMIIATYAAM PacCesHHA NPH HMOYIbCax
BHe dHeprermyeckoir mosepxmocru. A. M. Bakm Ber pe-
AT OPOBEPHTH BTO HA HEKOTODPOA MOJeNH [BYKPaTHOTO
paccesrua. UTOGH IMeTh BO3MOKHOCTH KOHTDOJs, OH Pac-
cMoTpen iBa $a30Bo-3KBUBAJEHTHHX moTeHnuana. OxmE —
CTATHYECKHUi, & APYroii ¢ BHPOKAGHHEIM SIIPOM, TaK 4TO B
o0mem BHPAa;KeHNH N HECTATHIECKOTO IOTEHNEAIA *)

Vo) =V @ ) p ) d (6.1.3)

*) B cayuae cTaTHYeCKOro noTeHNHANA AXPO V.(r, »') copep-
HHT O-QyEKOMIO OT » — #', Tak 9T0 Y (r), Kak OOKMHO, IPOCTO
yumuokaercss Ha V (r). ([Tpumeu. ped.)
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AIPO €CTh IPOU3BENeHUEe, a HMMEHHO
V(r,»)=hkg(r)g (). © (6.1.4)

Cratuueckmii moreHmman Obll BeOpaH TakmM, 9TOOH OH
ofpamaJyica B Hyab BHe cepH pajmyca a, Torga ¢asopas
9KBUBAJIEHTHOCTh TAPAHTHEPYeET, 9T0 QyHKOHA g () TaK:Ke
obpamaercs B HyJb BHE pajgdayca a.

Jaa oGemx Mummeneii pacuer Owl OrpaHEmYeH pac-
CMOTPEHHEM s-PaccesHns, KOTOPOe SBIAETCA mpeobiamaio-
IAM, eCIH a ToPasfio MeHbIIe NJIWHKN BOJHH. K BceoOmemy
YAUBIEHHIO De3yabTaT pacdera ObI TAKAM: ABYKpaTHOE
paccesHnme He 3aBHCHT OT TOT0, KaKO# H3 MOTEHIHAJIOB
BHOHMpaercsa, NpH YCIOBHH, YTO MEIIEHH He IePeKpHBa-
I0TCH, T. €. 9TO PacCTOAHEE MEKAy HuMH 0oiblle HX [Ha-
MeTpa 2a.

9TOT YAWBHTENBHHA pe3yAbTaT He BHITIIANE] CIydaii-
HOCTHIO B HABOAWJ HA MHICIb, 9YTO JJIA TAKOH TOMECTBEH-
HOCTH eCTh HeKafd ray0okas mpmumeHa. HemHoro moxymas,
HeACTBETENIbHO MOKHO OOHapY;KHTH 3Ty mpmumHy. Pac-
CMOTPEM BOJHY, HDaJalomyl0 Ha HePBYI0 MHMEHb H pPac-
ceanrylo epo. Ilo aMmiamryne paccesHms Ha bSHeprermdue-
CKOJ NOBeDXHOCTH MH 3HAEM aCHEMITOTHYECKOE MOBejeHHhe
BOJTHOBOM (yBKIUHA HA GOJBIIHX PACCTOAHMAX; HO MH TaK-
JKe 3HaeM, YTO OHa yjoBierBopser ypaBHeHmio Illpenms-
repa BO BCeM IpocTpaHcTBe. Hpome Toro, Mul 3HaeMm, 4TO
TaK KaKk B3anIMOJeiCTBHE OTPAHHYEHO PACCTOAHAIMA, MEHE-
IEMA @, TO BO BCeM IPOCTPAHCTBe BHe CQepPH pafmyca @
BOJIHOBOe ypaBHeHHe TaKoe jKe, KaK JjA cBOGOIHOM dac-
TAOH. JTO 03HAYAET, YTO BOJHOBAs (YHKOUA OJHO3HAYHO
OmpefeNeHa CBOMM AaCHMOTOTHYECKAM BHJOM.

JpyrmMm cioBaME, MH ODHXOIMM K BHBOAY, 49TO B
OPOCTPAaHCTBE BHE MUMIEHNM BOJHOBAsg (QYHKOAA, OIHMCH-
BAaIOIasa paccesaHHme, OIpefeeHa TOIBKO aMILIATYIOH pac-
cedHAA HA 5SHePreTHYeCKOil IOBEDXHOUTH M HE 3aBHCHUT
OT feTasieidl B3aEMOAeHcTBHA. ITO OTHOCHTCA K PaCCeAHHIO
ofHO#I MmmeHbI0. J(IA MBYKPATHOrO paccegHUA HYKHO
OPUHATH BO BHEMAHHMe [JajbHeAmMy0 MORE(PHKANHIO 3TOM
BOJHH 33 CYeT HAJMYAHA BTOPOM MUIIEHH.

Ho mnocme mepBoro mara MH TOYHO 3HAaeM BOJHY,
majaomyio HA BTOPYI0 MumeHEb. MOKHO NpeNCTaBHTH ee
KaK CymepHO3HOHIO INIOCKUX BOJH, M, IO OPEJIOJ0KEHHIO,
MH 3HAeM aMIUIATYAH DacCesHAA KaKAOH W3 HHX, a Cy-
TNePNO3ENHA DTHX AMIUIATYH HAaeT HOJHYI AMIJIHTYAY
IpHE ABYKPATHOM pacCesHUH.
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BonmoBasi ¢yHrmus, Koropas Temeps mOCTpOeHa, He
VAOBJIETBOPSET BOJHOBOMY YPaBHEHHIO, YIHTHIBAIONIEMY
TOJIBKO NEePBYI0 MHMEHb, M, CJeJ0BATENIbHO, NOJKHA B
manbHedmeM MoAmPEOWPOBATHCH, HO 3TA NONPABKA YiKe
ABIAETCS YaCThI0 He JBYKDATHOTO, a, CKOpee, TPexXKpar-
HOro pacceanmsi. MH MojkeM HOBTOPHTH HAIIe pacCysxie-
HOe JJA TPOUHEIX CTOJIKHOBeHH# (Ipocto 3T0 Oymer ro-
Pasno mimHHEe W CKy4YHee), a Pe3yJAbTaTh OOATH OKAKYTCA
HEYYBCTBHTEIBHEIME K JETAJIAM B3aUMOJEACTBHA IPH pac-
cesHAN, ’

IToaromy sicHO, 9TO PTOT pesyiabTAT ABAAETCA TOPa3f0
Gomee o6muM, YeM gacTHAA MOMeNb, BHGpPaHHAsA AJaA pac-
9era, W OH IPMMEHAM TaKKe K MHOTOKDATHOMY pacces-
HEI0 JI060TO0 DOPSAMKA, €CIHM TOAbKO BHIIOJHIETCA HeoO-
XOIMO€ YCJIOBHE€ OTCYTCTBHA HMEPEKPHTHA MEKIY MHMIe-
HAMA.

BriBops moyumTenieH, HOCKONBKY €CJM paccesHme, Kak
00HYHO, aHAJIM3UPYeTCS B HMOYJLCHOM IPOCTPAHCTBE,
aMILTATYAHK PacCesHms ¢ MMOYJILCOM BHE SHEPreTHUYeCKOi
NOBEPXHOCTH (B COOTBETCTBHH C IEPBOHAYAJIbHEIM Opei-
HOJIO;KeHMeM) [AAIOT 3aMETHHE BKJIAJ, W 3TH BKJIAJH
9yBCTBHTEJBHH K fIeTajisIM B3amMojeiicTeua. emo B ToM,
9ro ¢ypre-mpeoGpasosarne (6.1.2) Braouaer B cebs
TaK;Ke WHTeIPUPOBaHme 1o obGaactu r << a, Tie BOJHOBAA
(YHKONS KaK pPa3 M 3aBHCHAT OT XapaKTepa B3aHMOJEHCT-
Bus. OxBEaKo, KOrjAa BCe BKJIAAH COOEPAOT BMeCTe, YTOGH
IOCTPOHTH AMIJHMTYAY ABYKPATHOTO PAaCCeAHHS, 3Ta 3a-
BACHMOCTL Hcuesaer. VIHTepecHO 3aMeTHTh, YTO, IIOKa
MH o0Ccy:KHaeM 3ajady, «0CTaBafACh B MMIOYJIbCHOM IpO-
CTPAHCTBE», HMCYE3HOBEHHME DTOM 3aBHCHMOCTH IpeCcTaB-
IseTCA COBEPIMIEHHO TaWHCTBeHHEIM. HauGoaee mpocto
NOHATH €ro0 U3HYIeCKYI0 NPHPOAY HOCPEACTBOM PacCMOT-
pPeHns 9TO#A 3a7a4d B KOOPJMHATHOM IPOCTPAHCTBE; 3TO
paccMorpenue GOm0 mpomgenano Beime. CiaexoBaTelbHO,
OJWH M3 YPOKOB BTOT0 HOYYMTEIHHOI0 HPAMEpa CBONHTCH
K ClefylImeMy: He BCEerjja HMOYJIbCHOe HNPOCTPAHCTBO
Hambomee ymoOHO, BHOOD IEPEMEHHHX [OJKEeH OHITh
OIpeJeNeH CYI[HOCThIO H3YyJaeMOro Pu3mIecKOro sSIBJICHAA.

Jra 3ajgada EMeeT HEKOTOpPOe OTHOIIeHHe K BOIPOCY,
MOKeT JH paccesiHHe HYKJIOHOB HA sApax IIOMOYb HOJY-
9nTh mHEOpManui 00 aMIINTy[e HYKJIOH-HYKJIOHHOTO
paccessHASA BHE SHEPreTHMIECKON HNOBEPXHOCTH H, CIIJ0-
BaTeJBHO, JOMOJHATH MHYOPMALAIO, MOJYIAEMYIO A3 QM-
TOB IO HYKJOH-HYKJIOHHOMY paccesnmio. Crporo Takoe
HCCIIefOBAaHEEe K HalmeMmy CJydal HeIPEMEHAMO, IOTOMY
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q9T0 HYKJIOH-HYKJIOHHHE CHJE HE HMEIT TOYHO OTpPaHMd-
YeHHOM 06JIacTH JeificTBUA, M NOTEHOUAJ B3aMMONEHCTBHA
coajaeT MeJJeHRO. «XBOCTH IOTEHINAJIOB B3amMOIeHCT-
BHSA OT PasHHX HYKJIOHOB BCerha A0 HEKOTOPOR CTemeHH
mepekpuBalorcd. K ToMy ke HYKJIOHH BHYTPE sapa
He ABJIAITCA CTATHIYECKAMH MHIMOHAMH, a HAXOLATCH
B [BIDKEHNN, W HMEeTCs 3aMeTHAasg BEePOATHOCTH, UTO OHH
mOOUAYT TaKk OJMMBKO APYT K APYTrY, YTO [a:Ke CHJIbLHEIE
4acTM HX DOTeHIWAJ0B B3aMMOMEHCTBHS IEPEKPOIOTCA.
IToaromy Teopema Bakm Bera me rapamTmpyer, 4T0 HYK-
J0H-AflePHOE paccesHme HACHTUYHO A DPa3IW4HEX (a-
30BO-9KBHBAJIEHTHHX IOTEHNHAANOB B3aMMOJNEHACTBHAA MEK-
ny sykiaosamu. OgHaKo 3Ta TeopemMa HABOJAT HA MEHICIB,
9T0 W 3[€ch YYBCTBHTEJIHHOCTH OymeT ropasmo MeHbIIe,
geM MO;KHO OBLIO IpeqmosaraTth, W 49TO, CJIEJOBATEIbHO,
TAKAM MeTOJ0M YCTAaHOBUTH DA3JIHYNEe MEKIY MINOTEHIHAa-
JlaMd B3aMMOMEACTBHA OYEHb CJIOKHO.

6.2. Teopusa Bo3MymeHmii
B cHcCTeMe MHOTHX Telx

Bo MEOrmX BajKHHX 3ajadaxX IOPUXONHUTCA HMETHh HEJI0
¢ GOoNbIIMM YMCIOM OJMHAKOBHX dacTHh. OOHYHO TPYHHO
HaJeATbCS MOJNY4YHTh TOYHOe pemeHme ypasHenusa Ilpe-
JWHTEpa, W eCIH CHCTeMa, O KOTOPOiA HMAeT pedb, MMeeT
CXOACTBO C JPYroil cmcremoi, IJIA KOTOPOHX M3BECTHO
TOYHOE pemmeHme, COGIa3HETENBHO HCIO0Jb30BATH TEOPHIO
BO3MYIIeHHi1, YTOOH IOCTPOMTH HHTEPECYIOImee HAC pe-
meHne. B TakoM ciydae OCTODOKHHIA TEOPETHK BCerma
BHIAICHAT I'DAHAOH OPAMEHEMOCTA TEOPHH BO3MYMEHHA —
Xo0Tesoch OHl, YTOOH PAJX TEOPHH BO3MYINEHWH HE TOJBLKO
CXOuJCHA, HO CXONMJICS JOCTATOIAO OHICTPO, YTOGH MOKHO
OHLIIO0 YROBJIETBOPHTHCA HECKOJIHKEMHE IEPBHIMA WICHAM,
KOTODHEe OOKYHO MHI TOJBKO M MOKeM HANesAThCHA BEIUMC-
ants. VIMeHHO 37eCh MOKHO HATOJIKHYTHCA HA CIOPHPH3EHL.

Yro6H moHATH cHenuduIeckne 0coGEHHOCTH 3TOH NPO6-
JeMH, PaccMOTPEM CHAadajJa YPesBEHYAMHO IPOCTYI0 MO-
Oexb, a MMEHHO OCHOBHOE CocTossHme /N HeB3amMmopmenct-
BYIOIIUX 9YaCTALN, KOTOPHE MOTYT OLITh OJMHAKOBEIMHA
6030HAME WM PA3JIMIHKEIME JaCTANAMHA, HO C ONHEMH N
TEMH jKe IUHAMAIYECKIMH CBOHCTBAMA. JTH YaCTHUNH HBU-
JKYyTCA B mosie moreHOumana U (7), KOTOPHIE MBI XoTEM am-
OPOKCAMHEPOBATh CXOOHEIM mHoreHnmuanoMm U, (r), Tarkum,
970

W (r)=U (r) — U, () (6.2.1)
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— madzoe Boamymenue. Ilycts u (r) u u, () — coGeTBen-
HHe (YHKOUE OCHOBHOIO COCTOAHHMA C HmOTeHIuaiaoMm U
u U,. x pasHOCTH cumTaeTCA Majoil W IpeuoJiaraercs,
9T0 ee MOKHO DA3JOKHATH B PAN IO cTemeHaM W, mcmoin-
8yA OOHYHYI0 TEODHI0 BO3MYINEHHH, NPHMEHEMYIO B 3a-
nade o0 ommoM Teje. Torga m3BecTHA TaK)Ke BOJHOBASA
OYHKOEA OCHOBHOTO COCTOAHMA 3ajadm NN Tea, KoTopasa
A 3TAX [BYX CJydYaeB eCTh

p=ITu(), bo=1Iu @) (6.2.2)

Uto6H yBHAETH, HACKOABKO OHH OJH3KH, IOCYHTAaeM HX
IepeKpHTHE:

<o 19> = I Sg () w () dory = [y (1 u () @2 "
' (6.2.3)

Ecnm ommouacTnuHbie BOMHOBHE (YHKIEA HODMHDOBAHHI,
HODMHUDOBAHK Tak:ke # N-uactmumme ¢ymxmum (6.2.2).
B cmay mepasencrsa Illsapuma, mociaenmmit maTerpana B
(6.2.3) Mempme egEHEAIE, HO €CJM BO3MYIIEHHe MAalo,
OH MOKeT He ORITH ropasmo MeHbIIe efuHEOL. Ecinm 0603-
HAYATH ero exp (—a), To mocjaefHee BHPAJKEHHE B IIEOIKe
(6.2.3) cranoBrTca paBHEM exp (—Na). IT0 IOKasHBaer,
9T0 AN JI060ro JaRHOTO ¢, T. €. NJIA J1I000ro 3aJaBHOTO
BO3MYIIEHAA BOJHOBON (PYHKOUE Ka)KA0H YAaCTHIE, IIe-
PeKpHTHEe MeKAY HCXONHOW U BO3MYIIEHHOH COOCTBEH-
BHMHE QYHKOAAME YMEHbIIAETCA SKCHOHEHIHAIBHO € POC-
toM N. Ecam mama cmcteMa OTHOCHTCH K MaKDOCKONH-
qeckoMy 00BeKTy ¢ N ~ 102, 310 ApHO rumbeabHO mAA
T00HX DOIKTOK DPa3JiosKeHHsA BOJHOBOH (PYHKOHE B DAL
IO CTeIeHAM BO3MYNIEHHWA, XOTA, B OPWHOHWNG, PAA HO-
IpeKHeMY, CKOpee BCero, CXONHTCA. Eciam MH mMeeM
Jenxo ¢ 3ajaved O sAApe, rie IUCJIO0 JaCTAL MCIUCIAAETCH
JecATKaMM, CATyamds HE COBCEM TaKad OTJYagHHAA, HO
ONATH-TAKA CEpbesHas.

TockoasKky Teoprsa BO3MYINEHHWil OGHYHO BHBOJHTCH
u3 popmMaamaMa, TPeOYIOMmero pasioKeHnA BOJHOBOA QYHK-
OAY B PAR IO CTeNeHAM BO3MYMAOMEro HOTEHOHANa, €e
TIPEMEHNUMOCTh K IPOCTO# 3ajmade ¢ 0OAbIIMM YACIOM Tac-
THI, KOTOPYI0 MH paccMaTpHBaju, He IPpeACcTaBIsIeTCH
obmanme:xuBaomeir. OMHAKO MHOrMe BeJWYMHE, MMEIOMHO
IpaKEMIeCKUi NHTEPEC, HOJYIal0TCA ABHO IPABHJILHEIMH.
Hampumep, B jarHOR 3aade 5HEPTHA €CTh CyMMa SHepruit
OTAeNBHHX YacTHm. Biaromapsa TOMIeCTBEHHOCTH YaCTHI]
BCe 3TH JHEPTHH PaBHH, TAK 4TO IOJHAJA dHEPruA DaBHA
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9HEPTHH OJHON YACTHIH, YMHOKEHHOM Ha IuCa0 YacTun N,
Ho Torna pApx Teopum BOBMYIIEHMH MJIA OFHOYACTATHEIX
3HAYEHN YHEPIWHA TOYHO TAKOM »Ke, KAK eciau OH APYTHX
qacTuI He OO0, U Ha €ro CKOPOCTh CXOMUMOCTH He BIAAET
gncao gactmy N. OgeBHAHO, TO Ke caMoOe CIPaBeIInBO
IJIA OKHAaeMOro 3HAYeHWS JNH00TO OTHOYACTHIHOTO OIe-
paTopa HMJM CYMMHEl OJHOYACTHYHHX UJIEHOB.

B arvoii mpocroit Mopmenm, He  y4YMTHIBAKIei
B3aMMOMEHCTBHEA, MaTeMATAYECKOE O)KUJAHNE S3HAYeHHA
KaKoro-1mb6o JBYX4YacTHIHOTO OmepaTopa MOKeT OHTh
BHIPa)KeHO dYepe3 3HAUEHAS MATEMATHYECKOTO ORKUNAHHA
OJHOYACTAYHHEIX OIEPAaTOPOB, TAK YTO CIOPAaBEAJHBO TO
e camoe yTBep:kaenme. (DaxTudeckm ObICTpag CXONM-
MOCTh PAfa TeOPWH BO3MymeHuit (mpeamonarass, 410 W
JOCTATOYHO MaJji0) He MMeeT MecTa TOJbKO TOTAa, KOTAa
paccMaTpHEBAIOT OIEPATOPH, BKIKYAIOMAE 00IBIIOE IUCIIO0
qactan. BonroBaa N-wactuunas QyHKOHA ABIAETCA 0CO-
OHM IpefeNbHHM CJIydaeM, HOCKOJbKY OHa CONEDIKAT
nEfopManuio 00 OJHOBPEMEHHOH BEPOATHOCTH I Bcex NN
YaCcTHI, 8aHAMATH OIpeJieieHHbe IOJNOKeHNMA HJIA HMeTh
ompeneNeHHHE HMIYJIbCH.

Mu MmojxeM paccMOTpeTs 3Ty CHTyamui0 C IOMOIIBIO
OPAMUTHBHOTO, HO 3(PeKTHBHOTO IpaBHJa, B COOTBETCT-
BHA C KOTODHM OTHOIIEHHA CIEIYIOMHAX APYT 3a APYIroM
YIEHOB pAJa TEOPHH BO3MYIIEHHH MAIOTCA BeIXIMHOHR
tana W/AE, rne W — Mepa Bo3aMymaomero MOTEHOAANA,
a AE — macmra® mHTEPBAJOB MEKAY HEBO3MYIIEeHHHMHA
DHEePTreTHYEeCKHME ypoBHAME. B 3amaue 06 N wacTmmax
INIOTHOCTh BO3MOJKHHX B030Y)KIEHHHX ypOBHel ropasmo
0oupIme, 9eM B OHOYACTHYHOM 3a/jaue, MOCKOJIbKY HMEeTCs
MHOro0 cI0co00B pacupeeanThb JaHHOE BO30YK/IeHAe MEKAY
MHOTHMV YaCTHIAMH, a 5TO INpejmoJjaraerT MeIJIeHHYIO
CXORHMOCTh B ciy1ae Gouxbmux /N. B 1o xe Bpema ecian
HET B3aHMOJIEACTBHA, CYIMECTBOBAHME JTHX BHDPTYAJIBHHX
BO30Y;KAGHHKIX COCTOAHMH K JeJy He OTHOCHTCHA, TaK UTO
eCcJIi MH 3aJaeM IPaBUIbHEE BOIPOCH, TO JOJKHA CYMIECT-
BOBATh BO3MOJKHOCTH M30e;kaTh CBABAHHEIX C HAJHIAEM
9THX COCTOAHHHA NOCJIENCTBUIM.

Bce, o weM M 70 cmx mop roBOpHiM, OIPEMEHEMO
TOABKO K CHENUAJBHOH MOMEeJd HEeB3aMMOAeHCTBYIOIAX
6030HOB MM PA3IMIHKHX YACTHI[, KOTOPAdA BPAJ] JU Ipe-
CTaBIAeT HpaKTHYecKHd mHTepec. ONHAKO HCCIEOBAHHE
9TOHX MOMENH 3acTaBUJIO0 HAC 3aJaTh BONPOCH, KOTODHe
BIOJIHE DPas3yMHH [Ja)ke IPHA HAJAMWINM B3aHMOJECHCTBHA.
Herpynao yramats ortBer misa storo caydas. Bynem
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CUNTaTh B3aMMOMAEHCTBHE NIAPHKIM; TOIJA

V=2V (1) (6.2.4)

X

XOTA TPeXYacTHIHOE B3aMMOMEHCTBHE M B3aHMOJeHcTBHA
Golee BHICOKHX NOPAJKOB HE NOPTAT KAapTHHY, IIOKa
9HMCII0 9YACTHI, HOABIAIIMEECH B WIeHAX, ONMCHBAOIIAX
B3amMofieficTBAE, KOHEYHO M JOCTATOYHO Majo. Vcxomammit
¥ BO3MYIIEHHH# raMUJIbTOHHAHE MOTYT Pa3JIHYaThHCA B3ad-
MofeiictTBmem V, a Tak ke HOTeHmmaJbHEM noiem U,
BKJI0Yad W TOT MHTEPECHHH ciayuaid, Korjga B3amMomeucT-
BHe V HACTONBKO Mal0, 9TO ero MOKHO IEIHKOM pac-
CMAaTPUBAaTh KaK BO3MYMICHHE.

CoBepImeHHO 0YeBHAHO: OHATH CJENYeT OKHAATH, ITO
TePeKpHTAe MEKAY HEBOSMYIICHHHMHA M BO3MYIIeHHHMHO
coGcTBeHEEIME (QYHKOUAMH OyAeT Ype3BHYAMHO _ MAJo.
9T0 yiKe HeJIb3A MOATBEPAUTH IPOCTO CCHUIKOH Ha ypaBHe-
Hre (6.2.3), HO Jerxo paccMOTPeTh HECKOABKO IePBHIX
9YJEHOB PAJA TEOPHH BO3MYIIEHUH M YBHMETH, 9TO, TAK 3KE
Kak m uwienkl B npomsBefenm: (6.2.3), omm copgepskaT
Bospactaiomue cremeam /N. Boxee cioskmbie moxasaTeln-
CTBA TEOPHM MHOTMX TeJ HOATBODKAAIOT BTy HOTafKY.

Mu no-mpe;kHeMy HpefmojaraeM, 9T0 MaTeMaTHIeCKO®
O'KU/IaHMe 3HAYERUH OJHO- MM JBYXYACTAIHHIX ONEPaTo-
POB (cpemu HMX W HOJHAS DHODPTAA), €CIAH UX DPAa3I0KATH
B PAJ TeOopUH BO3MYIIEHWH, OYAYT AeMOHCTPHPOBATh CKO-
POCTH CXOMMOCTH, KOTOPAs He YXYANIAeTCA NJiA GOJBIIAX
N. Ooars MokHO yOeauThCsa B OPABAONONOOHH DTOTO YT-
BEDIKACHAA, HCCIEAYsA HECKOJbKO HePBHX WICHOB pAda
TeOpHM BO3MYMIEHUA M NPOBEPAH, 4TO WIEHH C Gojee BH-
cokmmn cremeHaMur N coxpamawoTrca. B yueGHEKax mo
TEODHH MHOTHX TeJ IIOKa3aHO, KAK BamWCaTh Bech PHAJ
TEOPHH BO3MYMIEHHH TaK, YTOOH 3TO COKDAIIEHHe GHLIO
BUJHO ABHO B JI000M npnbamxennn. Tpe0yeMuIi AjiA 9TOro
dopManusM m3BeCTeH KaK pABIOKEHHE OO «CBABAHHHM
KJIacTepaM» — DAacHPOCTPAHEHMEe METOJa, pPAa3BHTOI0 B
KJIaCCHYCCKOH CTATACTHYECKONH MeXaHUKe [JsA ONpaBHaHHs
OpuOIMKeHNHA, WCHOIHb3YeMHX IDA OONCAHMM IOYTH
HeaJbHOTO I'a3a.

Bosspamancs Ha HEKOTOpPOe BPeMsA K HDOCTOH Mopmeix:
HEB3aMMOJEHACTBYIOMMX JACTAI, 3aMETAM, IYTO TOYHOE BEI-
paxenme (6.2.2) maa coOCTBeHHHX (QYHKOUA IPHMEHHMO
TOJBKO K OCHOBHOMY cocToAHmIO. [[JIf pasiamuHHX YacTHI
cobcTBeHHEEHEe (YHKOEME BO30Y)KIEHHHX COCTOSHAHX MOTYT
OHTH 3aIECAHH B CXONHOM BHJE, 32 MCKIIYEHAEM TOTO,
YTO MHOKATEJH COMEPIKaT Temepb PasHEE OTHOIACTHIHES
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cobctBennse PyHknmm. B caysae oammakoBHX 6030H0B,
OIIHAKO, CIeyeT 3aMEHUTh IPOCTOE MPOM3BENEHNE CAMMET-
PU3OBAHHEIM NPOMBBE[CHHEM OJHOYACTHYHHX (YHKIHIL.
Onno m3 crencTBEil cHMMMeTpH3amuWHW COCTOMT B TOM, YTO
B KaK/OM M3 DA3IMIHHX ONHOYACTHUHHX COCTOSHHH (m3
KOTOPHX COCTOMT CHMMEeTDPH30BAHHOE COCTOSHM®) MEHbIIe
QacCTHI, 9eM TOT/A, KOTJa BCe OHM HAXONATCA B OCHOBHOM
COCTOAHUH HJW HA ONHOH M TOH e opbmTe. IT0 B CBOIO
04epenb HPHUBOAAT K «003e-KOHAEHCAIMA» MIealbHOTO
Go3e-rasa, He saTparuBas, OHAKO, BOOPOCA O TEOPHH BO3-
MyIeHui JAA JaHHOK CHCTOMH.

IIpr HanwwMm B3aEMoOpEHCTBAA CHMMETPH3AMUS MOKET
OKa3aTbCHA OYeHb BA)KHOH, MOCKOJBKY Giarofjapa ycum-
BaIOMe# aMINIATYAY WHTePQepeHNMM OHA BEfET K yBend-
9€HHIO BEPOATHOCTA AJIA KAKAX-THG0 ABYX 9aCTHI[ OKA3aTh-
¢ GIM3KO PYT OT APYTa, a TO MOMKET CHeNaTh B3AEMO-
Reiicteme Gonee apderTHBEEIM, YeM OHO GHIO G Ges yae-
Ta cuMMerpmsanun. BaammorneiictBme, KoTopoe B caydae
PABNHIHHX 9acTHIL ObLIO GH [OCTATOYHO CaaGHM, YTOGHI
obecmeunTs GHCTPYIO CXOMEMOCTH PAKA TEODHH BO3MymIe-
HAW 177 OfHO- B ABYXYACTHIHHX OIEPATOPOB, B GO30HHOMN
CHCTeMe MOKeT AaTh ILEOXYI0 CXOJMMOCTh HJIM IIPHBECTH
K pacxomumocts. B wactmocTH, mpexcraBisercs BeposT-
HEIM, 9TO TeOPHs BOSMYMEHMA HOTEPHAT HeyAady, Koraa
€CTh YCJOBMA [NJIA KOHICHCAIHWH.

#Henanme paszoGpaThCa BO BCEX ACHOKTAX CHCTOME MHO-
rax 0030HOB BaBOJET HAC CIAMIIKOM [AaleKOo, HO MOMKHO
PacupocTpaHEATE HA Hee YPOK, KOTOPH JOKeH GHTH m3B-
Je1€H M3 PACCMOTPEHMA HaINeld JJIEMEHTapHOM MOMen:
He00XO0/IEMO JIeTaTh PasImIne MoKy IPEMEHEMOCTBIO Teo-
Pum BOSMYMIEHHH K OJHO- M [BYXYACTHIHEIM BOIAIMHAM
H K IOJHOA BOMHOBOA $ymKmum,

B caywae depmMmonos BommOBam yHKOHA 0CHOBHOIO
COCTOAHAA J[lajkeé B OTCYTCTBHE B3AMMOJCHCTBHA — yiKe
He IpOCTO NPOM3BE/eHWE, a CIAITEPOBCKHH AeTePMEHAHT:

U (r1) us(m) ... Uy ()

’l[J=—1—— ui(r:) us(r) ... Uy (1)

ur (7y) uz(ry) ... uy (ry)

U (1)  us(r1) ... U (71) (6.2.5)
Yo | M) Bl e )

Uro (7)) u2o (ry) ... Uno (Px)
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Ecnm pan Teopunm Bo3aMymeHHW# NIA U, H0 QYHKOEAM U,,
OHICTPO CXOOMTCA, MH, KaK W DaHbIIe, MOKeM GHITH yBe-
PeHH, UTO MOMKHO IOCTPOHTH DA3NOKEHHE ONIHO- H JBYX-
9aCTHIHHIX BEJINYHNH, HO He BCerja MoJHO# MHOT09aCTHYHON
Cco0CTBEHHOM (I)yfmmm. OnHako B DTOM ciydae HAJMame
60JIBIIOT0 YHWCHIA YACTHI MOKEeT (AKTHYECKH YIydIMHAThH
CHTyamuio W CHejlaTh BO3MYIIEHHWE MEHee CYI[eCTBeHRBIM.
Jlero B TOM, 9TO MOKHO IPEICTABATH KA;KAYI H3 TOYHHX
OJHOYaCTAYHHX COOCTBeHHHX QYHKOHA B BHOe JMHEAHOHA
‘KoMOmHAmuu u,o. Ecam k xakmm-imGo mepsum N cob6er-
BeHHHM QYHROUAM [00aBHTH JIO0YI0 BeIMIMHY, KPATHYIO
KaxkaM-1a60 apyrum N — 1 QyEKOUAM, TO AeTepMHHAHT
He m3MeHHUTCA. VI3-3a 9TOr0 MaTPHYHEI® DIEMEHTH BO3MY-
mennsa W, cBgA3HBalOmue ABa 3aHATHX COCTOAHAMA, He
BJHAIOT HA COOCTBEeHHY0 (PYRKIOHI0 OCHOBHOTO COCTOSHUSA
BCei CHCTeMH], ¥ TOITOMY MOYKHO IpeHeGpeds 3To# IaCThIO
BOBMYIM[EHHOTO HOTeHImaixa W.

IIpuBoguT am 3TO B pesyabrate K cymecTBeHHOMy oc-
JTabNeHNI0 BOBMYIIGHN, 3aBHCAT OT eTO Ipmpoxasl. Hopor-
KOIeACTBYOMUA GHCTPO H3MEHAIMANCA HOTeHIHAT 00K~
HO MMeeT MATPHYHHE 3JIEMEHTH, CBA3HBAKIIXE OYCHBH OT-
JaJeHHEe COCTOSHNA, M TOJAbKO He00Abmas ero 1acTs 6ymer
CBASHBATH HHU3KOJE)KAamUe OXHOYACTHIHEE COCTOAHMA.
Hanporms, pnanbHOme#cTBYOINMA MeNJIeHHO HN3MEHAIO-
IMA#ACA HOTEHOWAJ OOEHYHO MMEeT MATPWYHHIE DJIEeMeHTHI,
cBaA3HHBaOMue O0JM3K0 PACHOJOKeHHHIE COCeJHHEe COCTOA-
HUS, ¥ IO3TOMY Oy[aeT 3HAYMTEJNBHO OCHAa0/en IPH HCKII0-
JeHMM MATPHYHKIX JJIEMEHTOB MEKAYy 3aNHOJHEHHHMHI CO-
cTogHEAME. B 11060M ciiygae oCcTalOMuecs CYIecTBeHHEMA
MATPUYHE® DJIeMEHTH MOJIKHE CBA3aTh B3aHATOE COCTOA-
Hue (1. 6. ogHO 3 N HEepPBHIX COCTOAHUM) CO CBOGOMHLIMA.
ITO IPHUBOAUT K 3HAUMTEALHOMY H3MEHEHHUIO DHEPTHH, €C-
JIE TOJIBKO 3aHATOE COCTOAHME He ABJIASTCA OJHAM M3 HAA-
BHCIINX, B oclabnser aPeKTABHOCTh TAKMX TACTeH BO3-
MYIO[AKIero MOTeHMAA.

Mu npExommM K BHBOJAY, YTO [JIA HeB3aHMOJEHACTBYIO-
muXx GepMUOHOB DAL TEOPHH BO3MYIIEHHM IJIA MATeMaTHYe~ -
CKOTO OKHJAHAA OJHO- MJM [BYXYACTHUHHX BeJUIAH HA
CaMOM JIeJIe MOKeT CXOQAThCA OHcTpee, 4eM B ciIydae ONHOH
niam aByx gactun. Ho ¢ pasioskeEmeM mOJHOX MHOTOYAC-
TAYHOA BOJHOBOH (YHKIAN OUATH Aeg0 00CTOMT 3HAYH-
TeasHO Xyke. UToOH OmMeHNTH, HACKOJBKO XY’Ke, HYKHO
HMETh B BAY, 9TO BO3MYIIEHHE OJHOIACTHIHHX COOCTBEH-
HHX QYHKOui HamnGogee CHIBHO IJIA TeX, KOTOPHE COOT-
BETCTBYIOT CAMEIM BHICOKOJIEKANAM COCTOAHUAM, X ciabee
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naA  HASKOoNexamux cocroguEmit. IlosTomy moGaBoumnie
MHOKUTEJIH, MOABJAIINECS B PA3JI0KEHHA MHOT09aCTAI-
HOI BOIHOBO# QYHKIMM, HOJKHK GHTH B3ATH HE ¢ IOKa-
3aTejleM CTelleHW, PaBHHM IOJHOMY 4mciay dactan [V, a,
cKopee, ¢ (MeHBIIMM) YHCJIOM 9aCTHI B CHILHO B3aHMO-
JeACTBYIOIMMUX COCTOAHMAX.

Mu mo-npe;xmemy HameeMmcs, 9TO CXOLHHE YTBEDKICHAS
0CTaIOTCA B CHJeE [N B3aNMOEHCTBYIOMAX JACTHUI[, B OIATH
HAIIX HAJEeKAbl HOATBEP)KAAIOTCH (POpPMANBHON TeopHei
mBOTEX Tes1. OfnE U3 myTeit fopMaIA3amUA COCTOHT B TOM,
u9To0H B 4WjeHAX, ONHCHBAIAX B3aHMOMEACTBHE MEKIY
pepMEonaMH, omycKaTh MaTPUUHLIE DIEMEHTH MEKIY 3aHA-
THIMH COCTOAHHAMH. TaKoil TOIXOX UPHBOAHT K TAK HA3H-
BaeMoMy ypaBHeHmi0o Bere — l'ommcroyma.

I'naBrbie MomenTH, ofcy;imaBmIEeCa B 3TOM pasfeie,
BHJII09aA OTMEYEHHHEe CIOPIPHU3H, B OCHOBHOM COJIED:KaTCA
B puccepranmm k. Jlacky *).

6.3. OOpasosanne NO3ATPOHHAA B METALIAX

Panare 5KCHEDMMEHTH 10 AHHATWISIAA IO3ATPOHOB
B MeTaljaX, KasajJoch, YKasHBal® HA TO, 9T0 CKOPOCTh
AHHNTHIAOEE HEe BO3PACTaeT ¢ POCTOM ILIOTHOCTH DJIEKTPO- -
HOB P Oepexofe OT OZHOT0 MeTajla K APYroMy, Kak
TOr0 MOKHO OHTO o)kmaath. llpm mombiTKe O0BACHHETH
TaKoe MoBeJleHNe BO3HUKIIO IPeJmoJOKeHre, YTO, BO3MOK-
HO, IO3HTPOH MOJKET O0BEeNHHATHCA C DIEKTPOHOM, 00paso-
BHIBag MOBHTPOHUYM, M BPEMS JKU3HHU DTOA CHCTEMEHI, €CIIH
OHa CYMECTBYer, MOKeT BOBCE HE 3aBHCETh WM TOJBKO
c1a6o 3aBHCETH OT DJIEKTPOHHOA IJIOTHOCTH.

Taxoe mNpeqUOJIOKEeHAEe HEMEJJIeHHO CTABHT BOIPOC:
MOKeT JH HEHOABWIKHHIM HO3HUTPOH BHYTPH ¢epMm-rasa
DJIEKTPOHOB CBf3aTh 3JEKTPOH, 4TOOH 00pa3oBaTh IO3M-
TPOHHYM, W HOBIUAET JHM 5TO HA dIEKTPOHHYIO IUIOTHOCTDH'
B MecTe, Iflé PaCHOJIO}eH I03MTPOH? UTOOH HPOACHHUTH
STOT BONIPOC, Mbl ONATH HAYHEM C YOPOIIEHHOH MOJEJH.
3aMeHNM IO3UTPOH THIKEJIHM OOBEKTOM, KOTOpHHA OymeM
cunMTaTh MOKOAMEMCH, W mpeHeOpeskeM oTmauedt, o6ycioB-
JeHHOH B3amMmogeiicTmeM ¢ dieKrponamu. IIpemeGpe;xem
TaKKe B3aHMOJEMCTBHEM DJIEKTPOHOB APYr C JAPYroM,
3a ACKJIIOYEHNEM TOT0, KOTOpOe Heo0X0auMo 11 DKPAHHPO-
paE;A nmosmTpoHa. He OyngeM Takke yYATHIBaTH IE€PHONH-

*) Lascour J. Thesis.— Birminham: University of Birmin-
ham, 1959.
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9eCKUd IOTeHOWAJN DeNIeTKH, CYATAad DIEKTPOHH CBOGOJ-
HEME. B oToM cayuae MH mMeeM 1eq0 CO CBOOOMHLIMA
9JIGKTPOHAME B HOTEHIWAJe JKPAHMPOBAHHOILO 3apsAna,
KoTopelii 0GosmaumM V (r). Pusmueckmd wuHTEpec mpef-
CTaBJIAeT IJIOTHOCTh HJIEKTPOHOB B TOM MeCTe, INie PaCIoio- -
JKeH 3apdAf; IpuMeM 3TO MeCTO 3a HAYAJA0 KOOPAHMHAT.

Temeps nMeeTcsd ABa BO3MOKHEIX IIOAXO0/a K DTOM 3ajade.
Ilepsriit m HauGonee oueBAAHEIE — pemnTh ypasHenme Illpe-
JAWHTepa 1A OJHOILO DJIEKTPOHA B IOJIe DKPAHHPOBAHHOTO
sapafa, T. e. ¢ moTeEmmasoM V (r), a 3aTeM NOCTPOMTH
MHOT03JIEKTPOHHYI0 BOJHOBYH (YHKOWI0 W3 IOJYYeHHHIX
TaKmM 00pasoM ONHOSJIEKTPOHHHX pemenuit. Torma maor-
HOCTh DJIEKTPOHOB B MI00O0# TOYKE, B YaCTHOCTH B HadaJje
KOODAMWHAT, €CTh CyMMa ILIOTHOCTEH, 00YCIOBICHHHX BCEMHO
STHMH COCTOSHHUAMHE.

Jlng 3apsina -+e mpu peaIMCTHYHOM pajgmyce SKPaHEPO-
BaHMA CHCTeMa OymeT WMMETh KaK pas ONHO CBA3aHHOE COC-
ToAHWEe. YJ06HO, OJHAKO, CYATATH 3aPAN ¢ HAPAMETPOM,
HO pajgmyc SKpaHAPOBaHWUA 3ajuKcumpoBarh. Torma aas
MAaJIHX 3HAQYeHHWH ¢ CBA3AHHKX COCTOSHAN HET; IPH OIpe-
7leIeHHOM 3HAUeHAH ¢, CKa)KeM ¢,, CBASAHHOE COCTOSHOE
BIEDBHE NOABIAETCA, OpPA OOJBIIEM 3apsAle, CKaXKeM
g, TOABJIAETCA BTOPOE CBA3AaHHOE COCTOAHME H T. [.
Bce ocraabHEIe BIEKTPOHE HAXONATCHA B COCTOSHMAX, COOT- .
BeTCTBYOIIUX HEIPePHBHOMY CIEKTDPY, TaK UTO 3JEKTPOH-
HasA OJIOTHOCTH B Hauajie KOOPAHHAT €CTh

0 (0) =11 (g, 0) + p; (g, 0)+...+pe, (6.3.1)

rae
0, 9<4y
) 0 = {
P1(2,0) [ Q) F  g>ay
@ 0)— {Q q<gp (6.3.2)
P20 [ Q)% g>¢q, "7
F
= § [ (&, 0) ]2 dk. (6.3.3)
0
3nmecs Py, P, ...— coGcTBeHHHe QYHKOUE CBA3aHHHIX CO-

crosaumil, a P (k, ) — cobGcTBeHEAd QYHKOUA HEIOKAIN30-
BAHHOTO COCTOAHHA, HOpMUpOBaHHAA Ha O-QyHKmmIO ot k.
Mzt MoskeM camTaTh, YTO MOCHELHAA 3aOACAHA B HOMAPHEIX
KoopamHATax. TONBKO S-BOJHHL JAOT BKJAJ B HHTerpad,
DOCKOJIBKY ApPYyTMe MNapl#ajbHbe BOJHH 00pamaiores
B Hadajle KOODPAMHAT B HYJb.
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PaccMatpmBus amexTpoHHYI0 mIOTHOCTE KaK (yHKMmEIO
¢, MH IpefrnojaraeM, 9TO IPH ¢; OHA OKAKETCH HeaHAJIH-
THYECKOA. ITO CIe[ICTBHe TOTO, 4TO P, 3aBEJIOMO HeaHAaJH-
THIHA B 3TO# TOUKE, HOCKOJBKY ofpamaerca B HyIb mpH
¢ < ¢, ® OTIMYHA OT HyIA OpH g >>¢,. Darrmueckn mpm
q>> ¢ TWIOTHOCTH p; Befer cebs, Kak const-(qg — q,),
HO 9TOT pe3yJbTaT HaM He HoHamobmrca. B mwoGom cayuae
01 KaUecTBEHHO BefieT ce0s1, KaK HIKHAA KPABasA Ha puc. 6.1.

Pith -
6.1. IlpegmonaraemMas mMIOTHOCTH ///

9JIEKTPOHOB B (pepMu-Tase, cogep- Y

/KaleM SKPaHWPOBAHHHIM MOJIO- ¢
JKOTEJIbHHA 3apAN: P, — BKIA[
OT  HONPEPHBHOTO  CIEKTPA,
01 — BKJaJ OT IEPBOTO CBA3AH-
HOTO COCTOAHHA, NITPAXOBasf
KpuBasg — HDOJXHAA  ILIOTHOCTH

9JIIEKTPOHOB //f

g, 7

[lorermuan Tak:Ke BIMAeT Ha BKIAJ OT [AeI0KATM30BAHHEIX
COCTOSAHM, HO, BEPOATHO, OH [0/UKEH OBITH MeHee TyBCTBH-
TeJIEH K M3MEHEHNIO ¢, ¥ MOKHO OKHJATh, 9TO 3TO cjarae-
MOe peryJisapHO B Touke ¢;. ClemoBaTenbHO, MH Ipeamona-
raeM, 4TO IOJHAA IJIOTHOCTb, KOTOPAsA 10 ¢, €CTh IPOCTO
cymMa p. 4 p;, Oyfier Bectm cebf KaK BepXHAA KpuBas
Ha puc. 6.1, 1. e. Gymer umers mamom mpm g = q:, ¥ To-
oTOMy B 9ToM MecTe Oymer HeaHanmTmueckoit. Orciona
HeMeJJICHHO C/lefiyeT, YTO PAX TEOPHA BO3MYIIEHMH, KOTO-
PHIi €CTh pa3ioKeHHMe IO CTeNeHAM IOTeHmEaka, T. e.
00 ¢, He MOKEeT CXOUTHCA IPA 3HAYEHUAX ¢, TPeBHIIAIOMAX
¢;- Mu yBmamM, opHako, 9TO0 Hamle IpemOIOMKEHMe Hempa-
BUJIBHO.

HoyumrensHo B3rIAHYTH Ha 3Ty 3ajauy ¢ IPOTHBOIO-
TO}KHOM TOYKH 3PEHUA. A MMEHHO HCIONB30BATH 00CYKEAB-
nmecs B paspere 6.2 coobpaeHms, 4UTO MaTpHUHHe
9JIeMEeHTH IIOTeHINAJIA, CBA3LIBAIOIIAE BaHATHE COCTOAHMSA,
He OKA3HBAT BANAHAA HA MHOTOYACTHYHYI0 BOJHOBYIO
$yEKmE0, mOCKONBLKY ofpaimjaeTca B HYJb pe3yibTaT mX
HeHCTBAA HA 3aNMCAHHYI B BHMe [eTePMEHAHTA (6.2.5)
BOMHOBYIO (yHKUmio. Pemas ypasmenme Illpemmmrepa c
HOTEHIHAJIOM, B KOTOPHIH 3TH MATPHUHHE SJEMEHTH BHIIIO-
9eHbl, MEI, CIeflOBATeILHO, TOIBKO 3aTPYRHEAEM ce6H BEIIMC-
JieHHeM WIEHOB, BHIAMAOINUX M3 OKOHYATEIBHOTO OTBETA.
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dro HaBOAMT Ha MHICTB HadaTh ¢ ypasuenma Ilpegma-
repa, rae moreHnuaa V (r) saMeHeH yCeUYeHHHM HOTeHOHA-
JIOM, KOTODH# moXx0:k Ha motennman Bere — Tompcroyma,
HO CBA32H TONBKO C OJHOH 9YacTHIeH, W, ClIeT0BATETHHO,
npome. JTOT HOTeHOMAT WMeeT BH

V@)=V (r)p@r)—

kp
— §akSu, (r, Byu, 0, BV 0y 0 () O, (6.3.4)
(]

THe 4o (7, k) — BomHOBas QyHKmEA cBOGOmHOM JaCTHIH
C BOJHOBBHIM YHCIOM k, HODMHpOBaHHaA Ha O-QyHKOHIO
oT k; ecim Mbl MHTepecyeMcs BO3/IelicTBEM] MOTEHIAANA
TOJABKO HA S-BOJHH, MOKHO OTDAHHYHTH COGCTBEHHEIE
$yEKIEE u Toxe TONBKO s-BomHamE. Kaxk Beerna, ky — ¢ep-
MEEBCKHA BOJHOBO# BEeKTOp. ,

YceuenBHIl MOTHNMAT HEJIOKANeH, TaK KaK A JaHHO-
ro r B BHpaskenue (6.3.4) BxonAT 3HAUCHEA BOMHOBOH PYHK-
nue B ApyrEx toukax #’. IlosTomy ma mpaktuke om mas
paboTu HeymobeH. .

OrmernM, uTo TOT mOTEHmMAnm 3aMerTHO ciabee, uem
HCXONHKI SKPAaHWPOBAHHKI HmoTeHnman V (r), m ans mero
[epBoe CBA3AHHOE COCTOAHWE He HOABHTCA O TeX IOp,
HOKa ¢ He CTaHeT CYMECTBeHHO Goabme ¢, — 3apsa,
OpE KOTODOM CBA3aHHOE COCTOSHNE HOABIAETCH B OLHO-
QMIeKTPOHHOX 3ajade ¢ moreHmmagoM V (rr). 9To romopmr
0 TOM, UTO PAX TEOPHM BO3MYIIEHHWI [ DTOTO YCEIeHHOrO
HOTeHIMANa CXORUTCA BHE ¢.

Brrancnenne paga Teopun BO3MymeHRil ¢ HCIONB30BAHN-
eM V' BHIMIANET I0CTATOTHO CIOKHO. 3aMeTnM, OffHaKO, 4TO
9TOT PAJ, WIEH 3a YWIEHOM, HJCHTHYEH DALY TEOPHH BO3MY-
IMEHU#A [J1A MCXOJHOTO HmoTeHNMaaa V. J1o nefcTBATENbHO
TaK, IOCKOJBKY T€OPHA BOBMYIIEHHIl COXPaHAET aHTHCHM-
MeTPHIO COOCTBEeHHKX QYHKIHUI ¥ MOITOMY Ha BCEX CTaAMAX
coemectnMa ¢ npuHnUnom Ilaynn. CrexosareasHo, BepoAT-
HOCTH TIEPeXO/l0B B yyKe BaHATHIE COCTOAHMA AOJKHEI PaB-
HATBCA HYJIO X COOTBETCTBYIOIIAE UM MATPHYHEE DJIEMEHTH
HE MOTI'yT HOABATHCA B OTBETE.

JT0 pacCyKJAeHHe IOKAa3KHBAeT, 9T0 HCXOJHOE Oe3EIC-
KyCHOe pa3l0}KEHHe TEeOPHM BOBMYINEHA B TepMHHAX
norennuaja V Gyner cXofuThCA BHE §;, IDOTABOPEYA BEIBOAY,
K KOTODOMY MH OpHILIH, 00CyKHas mepsHi Merton. Kax
MH JIOJGKHH Da3pelidTh HPOTHBOPeYHE MEKIY JBYMA
BCTYOMBIIAMH B KOHQUIEKT, . BOBMOKHO, He CJAIIKOM
CTpOrEMu apryMeHTanuaMu? B mepsoM [qoKasaTexbcTBe
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HanGonee ciaGoe MeCTO — MpeNOMOIKEHAE, UTO p. pery-
nApHO npm, ¢;. ITpotmsopeums me Gymer, ecianm Q. TAKKe
MMEET H3JIOM B TOUKE ¢; TAKOIO BHAKA M BEJMIHHHI,
9ro0H COKpaTWiICA H’3I0M
p:- Tarkas curyanms mamoct-

pupyercsa pumc. 6.2. T

Wwmenno 310 M mpomexo- -

nar. PaccMorpum umero pac-

XO[feecA ® YHCTO CXO- %
IsAmeecd PeNIeHAA PagHalb-

Horo ypaBHeHus Illpenmnre-
pa maa s-pons: f (k, r) m %
f (—k, r), xoropre acmmn-
TOTHYECKH BeXYT ceGd Kak

exp (ikr) mexp (—ikr). Bu-

/] 7

Pa’KeHHAs 4epe3 HUX MCTUH-
Hasi BOTHOBAA QYHKIHAA, HOD-
MEpoBaHHaA Ha O-QyEKIHIO

6.2. To e camoe, 9T0 # Ha
puc. 6.1, Ho HoKasaHHK gaKTHIeC-
KU CYUIECTBYIONE 3aBHCHMOCTH

or k, ectb
ik, ry=uk,r)=

= 2m1]/-3-— [exp (id) f (k,r) — exp (—i8) f (— k, )], (6.3.5)

rie 0— oGHIYIHEKLA pa30BHIA CABAT S-BOIHEH. Has Toro aro6u
BOJIHOBaA yHKIEA P GLLIa PerylApHA B HaYajle KOOPAMHAT,
COOCTBeHHHE (PYHKIME 4 MOMKHH obpamarteca B HyIb
mpu r = 0. IT0 1aeT COOTHOMEHNO MeKTY Pa3OBHIM CIBHTOM
u «pyrxmueir Mocra» f (+k, 0):

f (&, 0)/f (—k, 0) = exp (—2id). (6.3.6)

B Bupakemme Nis IIOTHOCTH SIEKTPOHOB B Hauaie
Koopaueat Bxomut 3mavenme P (0), xoropoe coBmamaer co
SHAYeHMEM NPOM3BOXHOH (du/dr), B3ATHIM B Hauale Koop-
murar. llpamenas coormomenmsa (6.3.5), (6.3.6) u mocroan-
CTBO BPOHCKHAHA

10 1)F (=R, —f (b, 1) F (—k, 7) = 20k, (6.3.7)
JerKo IPOBEPHTH, UTO
du \2 k2
(&), = =rmor=ror (6.3.8)

Teneps, mcmombsys cmmmerpmio mo k, MoxHO 3ammcaTs
urTerpanx (6.3.3) B Bmpe
kp
k2

1 ]
Oc (0) = S m dk.
—kp

(6.3.9)
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Ilpm Takoit ¢opme sanmch JerKo BHSABATH IPHPOAY BaBH-
camoct® 0, (0) or ¢. Xopomo m3sectHO, UTO PYHKIHEA
f (k, r), ompenenennas Kak pemenwe ypasmenms Lllpenmm-
Trepa ¢ OPAaBUJIBHO 3afaHHHIMHE TDAHWYHLIME YCJIOBHAMH,
AHAJUTAYECKA B3aBUCHT OT IapPaMeTPOB yPaBHEHHSH, BKJIIO-
4as u ¢. Orciofla 3HaMeHaTeab HONBIHTEIPAIBHOTO BHIPA-
HEHNA — aHAJMATHIeCKaA QYHKOAA ¢, W HEOPAATHOCTH
MOTYT BOSHHKHYTb TOJIBKO m3-3a Hyuxeir [ (k, 0) mam
f(—k, 0). ®ymxnua Wocra f (k, 0) me moxer mmeTs HY-
Jed HA OPH KAaKAX JEeHCTBUTEJBHHIX kK, HMCKIOUad, MO-
ser Owrh, £ = 0. Hyan ects npm xommiexkcuwmix k. B ua-
CTHOCTH, BOJTHOBasA YHKI[UA CBA3AHHOI0 COCTOAHWSA BEJlET
cebs, Kay

u (r) = const- exp (—xr). (6.3.10)

Jd1a PYHKOHA, eCIH OTBIEYBCH OT IOCTOSHHOTO MHOMKH-
Tens, cosmagaer ¢ f(k, r) mpm

k= ix. (6.3.11)

CrnenosarenbHO, paj@anbHasA BOJTHOBAA (GYHKIUS CBA3AH-
HOTO COCTOSIHMSA LPONOPIUOHAJBHA f (iX, I'), B IOCKOIBKY
OHA [0/DKHA ofpamarbcA B HYIh B Havaje KOODAMHAT,
dymxnua Mocra nmeer myns B Touke ix. Hymm B mmmmeit
monymiIocKoctn k cooTser-
Imk CTBYIOT pe3OHAHCAM.

Has ¢ < ¢, Her cpaszan-
x HOTO COCTOAHHA W IO3TOMY
* HeT HYJA B BepXHEH# mOJIy-
mwiockoctu. Ilpu 3mauenmax
+ Rek q> g, Takoit my1n ecTh, H,

X

Tak Kak ¢yrkoma locra
peryjiapHa, HYJIb HEe MOJKET
HOABHATHCA W3 HHAYEr0; IpH
6.3. Hommaexcrme momiocm mo- 41 OH IOMKEH mepecedb Jieu-
AHHTErPANbHOX QyHKNuuM B Bu- CTBHTEJIBHYIO OCh, NBUTAfACH

paxenns (6.3.9) m dopma KoE- H3 HEIKHEA IOJYILIOCKOCTH
Typa, mo3BoaAlINaA usbe;xaTh p BEPXHIOI.

nepece4eHuss KOHTYPOM II0JIOCOB HOCMOTpeB Ha (639), MBI

BHJIAM, 9TO IIDK BO3PACTAHHH
¢ B mepexofie 4yepe3 3HAYEHHE ¢, IOJIOC IePeceKaeT AeiCTBH-
TEIBHYIO OCh, JBATAsCh BBEPX, B TO BDPeMA KaK APYTroi
mostioc (ToT, KoTophiit cBssaH ¢ f (—k, 0)) mepecexaer oCh,
Asurasch BHu3. IlosTomy B srom Mecre Tepser cmuy
lOKA3aTeIBCTBO AHANUTAYHOCTH P.. Temepsb, MeHAA KOHTYD
UHTETPUPOBAHUA IOPH U3MEHEHHH ¢ TaK, dYTOOH m30eKaTh
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HeOPUATHOCTA C IOMIOCAMH, MOMKHO MOCTPOHTH (GYHKIHIO,
AHAJIATHYECKYI0 BOAM3W ¢;. ITO O3HAUAET, UTO A JIIO-
6oro q>>¢, HaJ0 yHepKUBATH KOHTYD Ha TeM TIOJIIOCOM,
KOTODHI IePBOHAYAJBHO ORI HEIKE [eHCTBHTEIBHOMN ocw,
1 HEKe TOTO I0JI0CA, KOTOPHI mepPBOHAYANBHO GBI Haj
fleficTBUTeNBHOE ocklo. [lusm atoro TpeGyercs KOHTYD,
n300paKeHHbIE HA puc. 6.3, Ha KOTOPOM IOJIOCH OTMEYEHEI
KPECTHKAMH, & CTDeJKH YKashBAKT HAaIpaBjieHHe cMeme-
HHEA IOJIOCOB NPH BO3PacTaHUH q.

Wmrrerpan smoap storo komrypa PaBeH mWHTErpaiy
BJIOTb JIeHCTBATENBHOE OCH & (OH W ecTh p,) ILIOC BHIYETH
DOAEIHTEIPAJIbHOTO BHIpaKeHHMA B moaiocax. Otcioma cire-
AyeT, 9TO, aHAJIMTHYECKOH (yHKNmei sBiserca cymma P
U BTHX IBYX BHIYeTOB. Brrier B Bepxmem momoce pasen

1 k2
7% a7k, OYaRI (=, 0) (6.3.12)

upn k = ix. Bruer B npyrom momoce pasem mo momyiio
U OPOTHBONOJOKEH IO 3HAKY 3TOMY 3HAYEHHIO, HO IOC-
KOJIBKY IONIOC 0GXONHTCHA B IPOTHBOLONOKHOM HAILPaBIIe-
HEH, TO BKJIQ]l OT HETO TOT ke, 910 u (6.3.12). OxasmBaercs,
uTO yABOeHHasA BenuwdnHa (6.3.12) kak pas paBHA BIEKTPOH-
HOI INIOTHOCTH CBA3AHHOTO COCTOSHAA B HaUajie KOOPAMHAT.

HeiicTBETeNBHO, TOCKOABKY, cornacwo (6.3.10), pamm-
anbHasg CoGCTBEHHAsA (YHKIHA CBABAHHOTO COCTOSHHSA
NPONOPIHOHANbHA f (—ix, ), TO IPH JOIKHOH HOPMEPOB-
Ke mMeeM

L/ (%, 0)1?

4nS [ (i, r)2dr
0

C nmpyroi#t cropoHBl, paccMaTpmBas ABa GECKOHEUHO MAJo
OT/IIMYAIOMAXCA 3HAYCHHA Kk B BepPXHe# NOJNYIIOCKOCTH,
rae f (k, r) ob6pamaerca B Hyab i GeCKOHEUHO GOIBIIMX
r, 13 BOJHOBOTO YPaBHEHHSA JIEI'KO BEIBECTH COOTHOLIEHIE

(o]

. kO )
1 e, 0) LGk — e, 0) LD — 2 (1, e

0
B 9aCTHOCTH, JUIfl k = ix, MocKOabKY f (i%,0) = 0, moxyamm
I (i, 0) [—WLW: 20 { 1 o, )P, (6.3.1%)

0
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a TaKiKe M3 ypaBHEHHA [ BpoHCKHaHa (6.3.7), HOCKOIBRY
f (k, 0) =0, maxomum

f' (k, 0) = 2ik/f (—F, 0). (6.3.15)

Ilocnenmme mBa ypaBHEHHSA YCTAHABIMBAIOT DPABEHCTBO
LIJIOTHOCTH (4, 3ammcaHHO# B Bume (6.3.13), cymme mByx
BrraeToB. Iloaromy cymma p, u p,, KoTopas coraacuo (6.3.1)
KaK pa3 eCcTh NOJHAA INIOTHOCTh HPH ¢ > ¢, ABIAECTCA
aHaJATHIeCKoR pyHKIue# g. Mu BumuM, uro, meficTBATENb-
HO, KPHUBbIe JO/KHH BecTH ce0sa TaK, Kak m300paskeHo Ha
puc. 6.2,

BriBon, KoTopHI noisKen GHTH ClENAH M3 STOTO YAMBH-
TeJIBHOT0 Ppe3ylbTaTa, COCTONT B TOM, YTO BOIPOC, €CTh
CBfA3aHHOE COCTOAHME 3JEKTPOHA BHYTPU (HepPMHEBCKOIO
pacipefiesieHdA AN er0 HET, He HMeeT OJHO3HAYHOIO OTBe-
T4, €CJIA TOYHO He yKa3aH OPMaim3M, KOTOPHIA MEl XOTHM
MCOOBb30BaTh. B mepBoM MeTofe MH OHIIM BHHYKIEHH
00pa3oBHIBATE CBABAHHOE COCTOAHHE H3 O{HOIIEKTPOHHEIX
COCTOAHHIA, KOTOPHE CUYATANIX 3aHATHIME. Bo BTOpOM MeToze
MBI OCHOBHIBAJIMCh Ha MCIOJH30BAHAU TEOPUH BO3MYIICHHIA,
HAauYMHAIOMEHX €O CBOOOAHHIX BJIEKTPOHOB, TJe He OHLIO
I HaMeKa Ha KaKoe-TH0O CBSI3aHHOE COCTOAHHE.

Boaspamascs Teneps k npo6iemMe HO3UTPOHA, 0UEBH/IHO,
MOKHO OKHJIaTh, WTO TEOPHA BOSMYMICHHH BCE KE MOMKET
ObiTh mpmMenEMa. ToT haKT, 4TO MOBHTPOH TAKOM e Jer-
KHif, KaK 3JeKTPOH, IPHBOAKT K 0CIaGJIeHAI0 IPUTAKEHHA,
TaK 4TO YHEPruA CBA3H OZHOTO DJIEKTPOHA C IO3HTPOHOM
MeHpIIe, YeM OoHa Oblia OB [JIfA TAMKENIOro IOJIO0KATEABHOTO
sapsana. To sxe camoe cmpaBefimBo mis spderTa dIEKTPOH-
9JIGKTPOHHOTO B3aWMOJAEHCTBHA, KOTOPHIM MHl [0 CHX
nop mpeneGperainm. Hak KOHeYHOCTH MacchH IIO3HTPOHA,
TaK ¥ B3aHMOJEHCTBHE DIEKTPOHOB APYT ¢ APYTOM, HCKJIIO-
9al0T, KOHEYHO, BO3MOKHOCTh HCIOJb30BAHHUA IIEPBOTO
METOfla, ¥ eIMHCTBeHHBLIM IPAKTHIECKMM IOAXONOM K 3TOH
8ajiadye ABIACTCA TEODHA BOSMYIIEHHHA. ¥ 4eT DJIEKTPOH-3JICK~
TPOHHOTO B3aEMOJIefICTBHA JOJKEH GHITH 0UYeHb U30I[PEHHEIM,
IMOCKOJBKY YacTh JTOTO B3aMMOMEACTBHA yiKe BKJIOYEHA
B 9KpaHMpOBapMe, HaJWYde KOTOPOT0 IPEIIoJarajioch,
2 HeoOXogmMo m3Ge;KaTh [BOKHOIO ydYerTa.

O6cysxnaBmnecs 3fech yAUBATEIbHEE Pe3YIBTATH GBI
BuepBHe moxyuensl B 1959 r. B guccepranum I. Bariepa *)

7 onyGamKoBaHH B ero crarbe **). B sroil crathe amaim-

. *) Butler D. Thesis.— Birmigham: University of Birmingham,
959.
**) Butler D.// Proc. Phys. Soc.—1962.— V. 80.— P. 741.
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THYHOCTH IOJHOM IJJOTHOCTH HOKa3aHA A OPAMOYIOJb-
HOM IOTeHIMAJbHOR AMEI, a o0iee AOKA3aTelbCTBO, NpH-
BelICHHOe BEHINIE, HO-BHAMMOMY, HOBo. B cratse Bariepa
HCCIEeAYIOTCH TaKyKe WIEHH HYJeBOTO U MePBOTO HMOPANKOB
PAna TeOpWHM BOSMYINEHHMH AJA NPAMOYTOJBHOM IIOTEH-
OUATBHOA AMH M TMOKA3HBAETCH, UTO OHA ABIAIOTCH X0po-
mei aNIpOKCHManuWed TOYHOTO OTBeTa /A JOCTATOYHO
Gonpmux kp. Eme nyume curyanua s sKCIOHeHIHAIb-
HOTO HOTeHIHAJa. OTH Pe3yJIbTATH II03BOJIHIH Batnepy
YBEPEHHO HCIOJBL30BATh METOJ, TEOPHH BO3MYMICHHHA s
pealpHOX 3a/ladM O IO3HUTPOHE.



7. ANEPHAS ®U3UKA

7.1. OGonoueunasn Mojenn

Bamusm mrcTpy™MenToM mmpum o0Cy:XJleHNH CcHeKTpa u
APYTHX CBOMCTB sfED ABIAETCA 060JOYCTHAS MOJIeJib,
B KOTOPOH HA4YMHAIOT C OpuGIMKeHHs, Tle KayK/[bii HYK-
JIOH CIHTAeTCA HE3aBHCHMO BWKYIIEMCH B MOTEHIMANBHOMR
fAIMé, KOTOpad, L0 HPeANOJIOKEeHMIO, NOJIKHA 0TOGpasKaTh
YCPeJHEeHHOe IefICTBAe OCTAJIBHEIX HYKJIOHOB. DTO npep-
CTaBleHue HYKHO [ONOJNHATH OIpee]eHHeM IIPABHIIb-
HHIX KOMOWHANHi# TeX CoCTOAHHI, KoTopele Ot GBI
BRIDOFR/ICHHEIMA B OTCYTCTBHE CHJI B3aHMOJIEHCTBHA MEKLY
Hyknonamu. Takas Mopens mcmomssoBazacs ¢ MomenTa
TOABJIEHUS TEOPHH SAAPA, 3af0JIr0 [0 TOTO, KaK MOABHIACH
BOSMOYRHOCTh €€ ONpPaBIaHHS SMIHPHIECKOH IIPOBEPKOR
Ul TEOpeTHYeCKHM aHanu3oM. leiicTBurennro, paHHHe
BaPHAHTH 060I09€THOi MO HCIOIB30BAIACE IO OTKPHI-
THS HEHTPOHA, KOTZa BCe emle BePWJIH, UTO APO CONEPIKHUT
TPOTOHEI, DJIEKTPOHH M o-vyacTunbl. [lasaiire mpomenaem
ellle pa3 IyTh, 0 KOTOPOMY Pa3BMBAJIOCH HANIEe MOHAMAHHE
CYIIECTBA HTOX MOJIENM U KOTOPHIA OTHIOND He GELI IIPOCTHIM
HIH OPAMEIM. '

BeposaTno, cmawama rnapmemM apryMeHTOM 3a HCIOJb-
B0BaHMO 000/096HOH MOAeNE GELIA NPEBHMKA. DTO Gbii
OOBIYHEI MeTon pemenma 8ajad aTOMHO# QusUKH, Ime
OH Ha PEIKOCTE yCHemno npuMensicsa. B atomuoit gusmke
TPEe/ICTaBIeHAE O IOCJIe[0BATENBHOM 3amOJIHEHTH 060I0UeK
noyreM foGaBieHds Bce GoJbIIEro umcia 9JIEKTPOHOB SHBHU-
70Ch OCHOBOM LOHWMAHHA HEPHOAHIECKON CHCTEMEI Biie-
MEHTOB.

Kpowme Toro, a0 HaBepHAKA HamboJjiee MPOCTOH W caMbli
BHIIIOJHEMHA HOAXO K B3ajaue MHOTHX Tel, m mO3TOMY
COBEPINICHHO eCTeCTBEHHO, YTO IPH M3YIeHHH HOBOM 06ac-
TH, IMHAMUKE AAPA, OBUIA C/leJlaHb MONEITKY MCIOIB30BATD
oGonoveanyo momens. Ecrecrsenmo TaK)Ke, 4TO MJA Teo-
PETHIECKOTO pacCMOTPEHMA 0GOIOYeYHON MOJENH MCIONb-
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30BaJICA TOT jKe opMaIn3M, 970 4 IPH ATOMHHIX pacdeTax, a
mmerro0 Mmeron Xaprpu — Doxa.

B sToM ciygae B kadecTBe BOJHOBOA (PYHKIMH — IO
KpaifHeii Mepe Torma, Korma o00J0YKa B3aMKHYTa — HC-
OOJIBBYIOT CJADTEPOBCKUN NETEPMUHAHT M3 ONHOYACTUYHHIX
BOJIHOBHIX YHKIMA. ITH ONHOYACTHYHLIE BOJHOBEIE (YyHK-
OUH ABIAITCA COOCTBeHHHIME (YHKOHWAMHA IBHKEHHA HYK-
JIOHA B IOTeHIHAJNe, «moTeHIuajse Xaprpu — Doxka», KoTo-
pHif mpepcraBisgeT co0ofl cpemHe#d HOTEHIHUAJ, AEACTBYIO-
muid Ha KaApd HYKJIOH G6jaromaps HAJIAYAI0 [OPYTHX
mykionoB. Hambomee mpocroit pement ompepelieHus
3TOr0 TOTEHIHAJTa — PACCMOTPETH CIITEPOBCKHA JieTep-
MAHAHT C NIPOM3BOJBHEIME OAHOYACTHYHHIMA (QYHKIHAME
¥ BEYUCJATH MAaTEMATHYECKOE OKHNAHME 3HAYCHHHA HCTHH-
HOTO TaMIJIbTOHMAHA (KMHETHYECKAs SHEPTUsA IUIIOC NBYX-
9acTUYHOE B3aWMOfEHCTBHE) MiA 3THX (QYHKIUA. 3aTeM
Hajfo morpeGoBaTh, YTOOE ONHOYACTUIHEIE BOJHOBHE QYHK-
nua Onnm BHOpDAHH TaK, 9TOOKH MHHAMH3HPOBATH BTO
3HaueHme. Takas mpomeaypa OPHBOOAT K (QYHKIHAM,
YAOBJIETBOPAIOMMUM OfHOYacTHIHOMY ypapuHeHmio Illpe-
nmHTepa ¢ moreHnmaioM Xaprpu — Dokra, KOTOpHIHA ompe-
JeJieH ¢ TOMOIBbI0O ONHOYACTHIHHX (PYHKIHA, TaK UYTO
IpOM3BeJieHHOe BHYHCICHHAE [O/KHO YCTAHOBUTH IIOTEH-
OHaJ ¥ OAHOYACTHYHEIE (YHKIHU OJHOBPEMEHHO.

IIpn mcoonp30BaHME CISTEPOBCKOTO AETEPMUHAHTA Ipe-
HeOperaior BceMu KOPPEAANAAMA MEKAY HYKJIOHAMHA, KpOMe
Tex, Koroprle TpeGyer mpuumun Ilaynu. [[Ba mueHTHIHBIX
HyKJI0Ha (06a — HEHTPOHH maM 006a — IPOTOHHI) ¢ mAPAJ-
JIeJPHHIMA COMHAMH He IO/UKHH HAXONUTHCA B ONHOM M
TOH Ke TOYKe IPOCTPAHCTBA, W MAJIOBEPOATHO, YTO OHH
OyAYT pPacmoJIO}KeHH OJM3KO APYT K APYTY; 9TO CBOMCTBO
IPaBHJBHO Iepefaercsa JI000H aHTACHMMETPHYHOHA (QYHK-
nueir. OgHAKO [Ba PA3JIMIHEIX HYKJIOHA HJIHM [(BA OfHMHA-
KOBHIX HYKJIOHA C IPOTHBOIOJIOKHEIMA CIMHAMH HMEIOT
IOBHIICHHYI0O WJHM HNOHMKEHHYI0 BEPOATHOCTH OHITH GJIM3KO
APYT OT APYyTa, eCjh B3aHMOMECHCTBHE MEMKNY HAMH IPHTA-
THBAIONMee WM OTTalKHWBalmee. JTEM, dddexToM mpeme-
Operaiot, HOCKOJIBKY mpeHeGperaiT BIMAHAEM CHJ B3aHMO-
IeiicTBHA Ha BOJHOBY QyHKIH0. B aTome, rae Bsaumopeir-
CTBHEe MEKAY [BYMA JIOOHIMA 9JE€KTPOHAMH [OCTATOYHO
ciaboe m MeHseTCs ILUIABHO, TAKHe «IAHAMHUYECKHe» Koppe-
IAOAA Majhl W npeHeOpe;KeHHe MMH OHOPABAAHO.

B snpe cuast B3auMoneRcTBUA MEMKIY NBYMA HyKJIOHAMH
BeJINKH, a Pafliyc MX MAeACTBHS ropasio MEHEIIE AHaMeTpa
Anpa, 4910 fACHO w3 (aKra HACHIIEHAS AHEPHHX CHII.
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IdTO 03HAYAET, UTO IPH BO3PACTAHHHE MACCOBOTO umcia A
SHEPrWA CBABM HA YaCTUIY OCTaeTCsA NPHGIH3ATEIHHO
mocroannoit. IIpegnonaraercs, aTo Kammnii HYKJIOH CHJIBHO
B3aUMOJIECTBYET TOJBKO ¢ OrPAHEYEHHBIM IHCIIOM cocefiei,
TaK 4TO ero IOJHAs BHEePTHA CBA3K MO/UKHA LOJNYYaThCA
OyTeM B3aHMOJCUCTBHA C O9eHb HeGOIbIIAM YHCIOM APYTHX
HYKJIOHOB.

B pesynbrate MHOTHe (HBHKE HCOBITHBAIE CHIIBHEE
COMHeHHA B IPHUTOAHOCTA 06o0j0od4eynoir Mopenu. Itm co-
MHEHHA, Kasajioch, YCHIMIMACh Oiarojaps ycmexy mpej-
JO}KEHHOT0 B cepefinHe TPHANATHX rofoB Huabcom Bopom
00BACHEHHSA CYIECTBOBAHHA OOJBIIOT0 UHCIA OCTPHIX pe-
B0HAHCOB HpPH 3aXBaTe ANAPAMH MeJJEHHHX HEATPOHOB.
Boposckas mopmens BKI09ana B cebs CHIBHO® B3aHMOJeii-
CTBAE MEKy MHOTMMZ HYKJIOHAMHM, TaK 49T0 M3OHITOUHASM
9HEePTHsdA, BHOCHMAsA IPH IPHCOENHHEHHH N06aBOYHHIX Heii-
TPOHOB K ANPY, OPAKTHIECKHE MTHOBEHHO JAGNHIACH MEKLY
MHOTIME CTEIHAME CBOGOAH. JT0 3arpyAHser obpaTHEIR
BEIIET HEUTPOHOB M3-3a MaJIOA BEPOATHOCTH BCel M3GHTOY-
HOH 5HEPTHH ONIATH COGPATHCH Ha OfHOM wacTHIe, KoTopas
Oyner mMeTh BO3MOKHOCTH BHPBATHCA M3 IPATATEBAIOMET0
cuiI0BOro mouA. I1oaToMy BpeMa IKEHBHE TaKOrO COCTOAHESA
MOKeT OHTh O4eHh GOJBIIEM, a €r0 DHEPrHA, MO IpHUH-
Oy HeOoNPe/ieIeHHOCTH, COOTBETCTBEHHO OCTATOYHO OIIpe-
JeIeHHOI.

Bop mo6ma n3o6paskars aapo Kak cBoero Pojia KHEIKYIO
KallTio, ¥ 9Ta TOYKA 3PEHMA Kasajlach aHTHTE30# 060a09ed-
Hoil Moptenn. Henwss Gblio o:xmmaTh, uTOGH MoOIEKyia
BOJIHI JIBHTAJNach B KaIje BOAH CBOMM OCOGHIM 00pasoM
B HEKOTOPOM YHHBEDPCAJIHHOM CHJIOBOM Iojie Gea CTpOroi
KOPPeJANME C APYTUMHA MOJIEKYJIaMH.

Hpyroi, KasaBmmiics KOJMYECTBEHHEIM apryMenT BO3-
HUK Gjaromaps pacdetaM, BIEDBHE BHIOJHEHHEM Diije-
pom *). Om mcmoassosan meron Xaprpm — Moka, 4ro6H
BEIYHCJIUTH YHEPTAK A/EPHON MaTepHH, T. e. [JIA Hmpefeshb-
HQro ciaydas GecKomewHo Goubmoro sppa. Ilaa aToro Hamo
6b110 IpeHeGPeYh 3IeKTPOCTATHYECKEM OTTATKABAHAEM MEK-
Ay OpOTOHaMH, TaK KaKk WHaYe [JidA J000i 3afaHHON ILIOT-
HOCTH SHEPTrHA B IIpEfielie CTPEMHTCA K OEeCKOHEYHOCTH.
Xors 9HEPrEA AfEPHOM MATEePHH OTIACTH aKaJ[eMIYecKoe
OOHATHe, STO BCE K€ HHATePeCHAd BeIHYMHA, MOCKOIBKY
OHa MOKeT OHTh NHOJyYeHA M3 H3BECTHHIX DHEPTHH Ajep

*) Euler L./l Z. Phys.—1937.— Bd 105.— S. 553.
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myTeM SKCTPANOJAIME ¢ IOIPABKOA HA BJIIEKTPOCTATHUYCCKAR
BRJIAJ.

Has atoro mpemensHOro caydas XapTpu-POKOBCKHit
pacgeT O9YeHh OPOCT, IOCKOJBKY B OECKOHEYHOM o0BeMme
MOKHA OHTH TONHAA TPAHCIAANMOHHAA WHBAPHAHTHOCTD
U, CJIefl0BaTeJbHO, OfHOYACTHIHEIE COGCTBEHHEIE (QYHKIHE
JOJKHE GHITH MIOCKAME BoaHamu. TakmM o6pasoM, pacuer

E/A , M3B

70 -

-15} P

r
o’
X 1 ]
7 2 3

7.1. 3aBUCUMOCTD JHEPIHH AAEPHOM MaTePHH OT yHeIAbHOro 06HeMa
B NPOANOJIOKEHUH O «XOpOmo Ce0A BeAYIWX» sNEpPHHX = CHIAX
B COOTBETCTBHH C JAaHHKMM Xbio6u. CINIOIHAA KpuUBasg — npubmau-
menne Xaprpu — (DoKa, mMTPUX0Bas — yder LONPABKH BTOPOTO
OOpAAKa, IMTPUXIYHKTUPHAA JUHAA — DHEPIUA CBOGORHHX o-ga-
CTHIL, OYHKTADHAS — MPEANoJIaraeMhil OPABUJIBLHHI OTBET

COCTOHMT TOJIBKO B BHYHCJEHHH IPENOIAraeMOro NBYXHYK-
JOHHOTO B3aWMOJIEHCTBUA C MOMOMBIO JETePMHHAHTA, IIO-
CTPOEHHOTO M3 INIOCKMX BOJH. flnepHble cmim He G6BLIR
TOYHO W3BECTHHI, HO B TO BPeMA BEPHUJIM, YTO OHH M3BECTHE
ROCTATOYHO XOPOHmIO. ITH CHIH HOJIKHHL OHUIM JIaBaTh
OPaBUJIBHYI0 DHEPTUi0 CBA3W NEUTPOHA, KOoTopas mpubind-
JKEHHO OIpefeIAeTCA KAK IPOHW3BEJIeHHEe  HANPSKeH-
HOCTH NPHTATHABAIONIEro HOTEHI[MANA HA KBaJIpaT ero pagay-
ca fieicteuA. [lo cpaBmenmio ¢ neliTpoHOM TPHTOH M G-dac-
TANH CBA3aHH CHJbHEE, KPOME TOTO, OHH — KOMIAKTHee.
OTH DHEPru;m CBA3H [AOT BO3MOKHOCTH OLEHHTH pajguyc
AeidcTBAA ANEPHHIX CHJI,
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diinep BHGpPAN IaycCOBCKYI0 KPHBYIO JIS ONMCAHAS
8aBHCHMOCTH IOTEHIWAJIa B3aMMOJEACTBAA OT PACCTOSHHA.
Ilosmmee pacuer Gur mosropen Xbio6m *) mpm IoKaBOB-
CKOM 3aKOHe IJA CHJI W NONYIAIMCH OYeHb IOXOKHe
pesyasTarhl. Hpusrie Ha puc. 7.1 ocHOBHIBAIOTCA Ha JaHHHX
Xpo6u, KOTODHE Jerde wusBieYb U3 OMYGIMKOBAHHEIX
paGor, uem nammEe Jiinepa. Xaprpu-YOKOBCKHA pe3yib-
TaT OpPeJCTaBJeH CITOIHOM KpWBOH, Iie OpAmHATA ecThb
DHEPrHA Ha HYKJIOH, abcrucca — Mepa YHeAbHOro o6Be-
Ma — pajimyc, NPHXOAAMHAIACA HAa HYKJIOH 10 Qopmyie

R = r A3, a4

rae R — moxnmii pammyc, a A — umcio mykiaonoB. Kpec-
TAKOM OTMEYeHO sMOupmdeckoe 3HadeHme E/A m r,, momy-
9eHHEIe ITyTeM SKCTpamonsanmu. Mu BuguM, aro xaprpu-do-
KOBCKHMil pe3yJbTaT MMeeT MEHAMYM IpH (oJjiee MIM MeHee
IpaBUIBHOM pajdyce, HO HOJYYAINASCH DHEPIHA CBA3H
0esHafie;KHO HEIpaBHJBHA.

OuesmaHO, 3Ta Heyaya yKassBaer au6o Ha OMAGOIHOCTD
TpeAmoJIaraeMoT0 B3aEMOfeiicTBEA, 1100 HA TO, 9T0 TEPIHT
Heynauy npmbamxerme Xaprpm — @oxa. UtoGu mpose-
PHTEH 3T0, Jiinep u mosnHee X biO0H BHYACININA CIACKYOMMN
MOPAJOK TeopHmH Bo3MymeHmi. Ecim pasiamume Mexny
PeaJbHHM ABYXYAaCTAYHEIM B3aWMOJEHCTBHEM H XapTpu-Ho-
KOBCKMM IIOTEHIHMAJIOM, MJf KOTODOTO peIleHHe B BHJIe
CII3TEPOBCKOTO JleTePMUHAHTA — TOYHOE DemeHHe, paccMar-
pHBaercsa KaK MaJas BeJIWIWHA, TO MOKHO IOIYYHTEH PAL
TEOpHH BO3MYMEHNAH IO CTemeHAM 3Toi BeamamHs. Ilo-
IpaBKH IePBOrO HMopsAAKa Her Oiaromapsa ToMy, 910 HabOp
MCIOJIB3YEMEX BOJHOBHIX (YHKHui BHOpaH TaK, 9TOGH
MHHEMH3SHEPOBATH TAMHJIBTOHAAH B IPOCTPAHCTBE BCeX OFHO-
YaCTHYHHX (YHKIUHA; HONPABKHA NOABIAITCA TOJBKO BO
BropoMm mopszke. Daxtuueckm, BTOPOIl HOPANOK BaKIIO-
9aeTcA B TOM, 4TO OPHOJIMKEHHO YYMTHBAIOTCA KOppess-
OHOHHEIE IOIPABKH, KOTOPHE OTCYTCTBYIOT B CJISTEPOBCKOM
JleTepMAHAHTE.

Pesyasrar ¢ yueroM mompaBOK BTOpPOTO MOpPAAKA
IpeAcTaBiIeH MTPAXO0BO# KpuBoi. Mm BmomMm, d4Tto OHa,
KaK 7 O}KHU/IAJIOCh, JISKAT HH)Ke CINIONIHOM KPHBOW, AaBafd,
TaKAM 00pasoM, HECKOJBKO OGOJBIIYI0 DHEPIrui0 CBA3H.
Onmako sToro yBenmuendsa fajeko He JAOCTATOYHO, UTOOHI
JMKBAJAPOBATH PA3PHB C SKCIEPEMEHTAIbHEIM 3HAYCHUEM.
Mu BmpuM, omHAKO, YTO DHEPTHA CBA3H BCe Ke CYMIECT-

*) Huby R.// Proc. Phys. Soc.—1949.— V. A62.— P. 62.
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BEHHO YBeJIHUHBAETCA. Jijep 3TO HHTEPIPETAPOBAJ Kak
OKasaTeJbCcTBO TOFO, 4TO BOSMYIIEHHe He Mand H DAL
TEOPUH BOBMYINEHUH IIJIOXO CXOMUTCH.

B To BpeMsa cymecTBoBAX APYIOi apryment, yGenus-
it MeHs, 9TO BTO IPHOIMKEHHe HeCOCTOATeNbHO: OHLIO
M3BECTHO, UTO CHJIH, HCIOJb30BaHHbE Jitnepom u Xbio6H,
MOT'YT JaTh HpHGIM3HTEIbHO MPABUIBHYIO SHEPIHUI0 CBASH
mis o-gactarn. Ona Ghla BHUMCIEHA MyTeM BapHANUOHHBIX
pacueToB, KOTODHI® JaBAiWl HEYKHEE Ipefel AJA JHepruu
cBf3W, mosyvalomeitca mpu stHx cmiaax. CremosarenbHo,
MOKHO OBIJIO OKEJATh, YTO JJiA ANEPHOH MaTepuu BSTH
CHJIH W0 Kpaiimeil mepe OyAyT naBaTb SHEPIUIO CBA3H,
GamsKyi0 K Toif, KoTopas HOJydaercs HPH OOheIHHEHHH
"eTHpeX HYKJIOHOB B @-4acTHIly. JTa SHePrud IIOKA3aHa
FOPU30HTANBHON MTPEXIYRKTUDHOA JHMHHEH HAa PHCYHKe.
Pesyxbrar, majieKui oT 3Toi JUHAM, [OJDKEH, CIe0BaTeNb-
HO, CBHJETEIBCTBOBATh O HEAAeKBATHOCTH IPHOIMKeHHA.

PeTpoceKTHBHO MBI 3HAeM CerOfHT, YTO 3TU [[0Kasa-
TeabCTBA OBHUIM OMEOGOYHKIME W 4T0 HpEOImKerme XapT-
pz — Doka cymecTBeHHO (ojee IpHeMiIeMoe LPHGIMe-
HMe IJIA 3THX CHJI, 9eM Kasaioch pamsme. CormacHo ¢usn-
qecKoii aprymenTanuu Bopa, HY)KHO pasimdaTh OCHOBHOE
COCTOSIHMe sApPA W CHIABHO BO30Y/KIEHHOE COCTOAHHE,
TaKoe, KaK KOMIAYHJI-AApO, oGpasoBamHHOe J00aBIeHHEM
HeHATpOHA, KOTODHIA BHOCHT B ANPO 9HEPTHIO OKOIO
6 — 8 M>b>B. B6amsz OCHOBHOTO COCTOAHHA IJOTHOCTH
pHepreTHYecKuX ypPOBHEH MaJia, HOCKOJBKY JHIIb HEMHOTHE
HYKJIOHH MOTYT IOIJIOTHTh Maiylo B3Hepruio Ges Toro,
491006H He IepeiiTH B COCTOAHHUE, YiKe 3aHATOE mono6HEIM
HYKJIOHOM, W TeM caMbiM Hapymuts npumanun Ilaymm.
IosToMy ABYX4YaCTH4HOE B3aHMOJeiCcTBME He HMeeT BO3-
MO;KHOCTH M3MEHUTH BOJHOBYI0 (PYHKIHIO M BEI3BATH KOD-
pensmun. CHmxerme 5QQEKTHBHOR CHIH B3aHMOJIEUCTBHA
Guaromapsa npmEnuny llaynm yse o6Gcy:®pamock B pas-
nenax 6.2 m 6.3. B mpuMenennm K sjepHO# ¢u3snKe dTOT
adpext Ghur momIepKHYT Baiickombom *).

Mu smaem (cp. c (3.3.4)), uTo ycioBune IPAMEHHAMOCTH
teopuu Boamymennii ectb W << AE, rne W — Mepa Bos-
mymenns, a AE — mopsgka PacCTOSHUA MeJy oHepre-
traeckuMu ypoBHAME. C TOYKH 3DEHHs STOTO KPUTEPHA
MBI 3aMeJaeM, UTO PacCTOSHEEe ME:KNYy HeBO3MYIIeHHHMH
YPOBHAMEA OKOJIO OCHOBHOTO COCTOSIHUS JJIA Afep ¢ 3amoi-
HeHHBIME 000JI09KaMH HMeeT IOPANOK HEeCKOJIBKUX Mera-

*) Weisskopf V. // Science.—1951.— V. 113.— P. 101.
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AJIEKTPOH-BOJIBT, M PABYMHO MPE/IIOJIOMATH, UTO BO3MYINe-
HHe OyfieT MeHbIe 9TOH Benmummsl. Korma S9HEPrus BO3-
OyKaeHHA TOCTHraerT mpUOIM3HTENBHO 6 MsB, a paccros-
HAA  MemAy ypoBHAME — mopsaaka 100 sB uam oxoio
TOT0, TO B BTOM CATYanMM HAKAaKas OGEITHAA TEOPHA BO3-
MymeHuiz He Gymer paGoraTh; B HOJHOM COOTBETCTBHE ¢
GOPOBCKOI MOIENBIO MBI eHCTBUTEIHHEO uMeeM JIeJI0 ¢ CHTY-
amuedl, XapaKTepHOH MJA 9ACTHL ¢ CHIbHBEIM B3amMopei-
CTBHEM.

Yro Kacaerca »sitnepoBcKoit HHTEPOPETAlWd KPHBHX
Ha puc. 7.1, Hajo MOMHETH, YTO BHEPrHUA CBA3H Afpa ecthb
AOBOJIBHO MaJasi PAsHOCTb MEKAY GOJBINOH IOTeHIHAIb-
HO#l 3HepPruei W 9yTh MeHbIIell KHHeTHIeCKOI 3HepTHeii.
B coorBercrBum ¢ wmcmomb3oBaEHOIM MOJIeJIBI0 IOJIHAS
HOTeHNMANBHEAS DHEPIUsA YaCTHNH JOKHA OHTH mOpsA.-
ka —50 MsB. B peiicrsurennmoctu pacaer IpeicTaBiAeT
co6oit cmoco6 ompeseseRus MOTEHOHATBLHOM SHEPrum, Io-
CKOJIbKY KMHETHYeCKas HEPrusA He OYeHh YYBCTBHTEJNbHA
K fleralAM BOJHOBOA QyEKmmu. /{na Toro wro6h YBHIETH,
ABJIACTCA JA TONPAaBKAa GOJNBIION MM MaJeHbKOM, HaIo0
CPaBHABATbL ee He C DHePrueil CBA3H, a ¢ HOTeHOUAIBLHON
smeprmeit. Torma pasnwuume, ykasamHoe Ha pmc. 7.1, B fei-
CTBHTeJIHHOCTE Mand, H MOXXHO IIPEJIIIOJI0KATH, 9TO 60Iee
BLICOKHE NOPAJKH PasJIoyKeHHs JaRyT emle MeHbIIHA BRJa,.

Mosn aprymemranma Tepmmr meymauy B cassm TeM,
9TO MOKHO OHTH YBeDeHHKM B pacueTe DHEPTHH CBA3H
IyreM 06pa3oBaHHsA 0-9ACTHI] TONBKO IPH HE3KAX IUIOTHOC-
TAX, KOT/la MMEeTCA MOCTaTOYHO MeCTa AJSA TOrO, 4TOGH
@-9aCTHNH MOIJIHA CYIMeCTBOBaTh, He Memas APYT ADPYTY.
JT0 cOpaBelTMBO Ha KpaitHeM NpaBoM KoHIe puc. 7.1.
31iech, JEACTBATENbHO, HPHOIMKeHHe TepsAeT CHIy, Kak
¥ IOKasHBAlT Mom paccympenmsa. OpHako npm Takmx
MaJsbiX IVIOTHOCTAX OCNaGieHHe B3aMMOJEHCTBHs, CBA3aH-
Hoe ¢ mpuHnunoM Ilaymm, mané; ecam BsammopeiicTeme
JIOCTaTOYHO Mayd, 9TOGH €ro paccMaTpUBaTH Kak BO3MY-
IIeH#e, TO 3TO MOKET ORITh TONBKO IIPH BEICOKHEX ILIOTHOCTAX,
T/le OPUXOAMT HAa IOMOmb mnpuEmED Ilayam. Koreuno,
MEI 3HaeM, UTO B PeAJbHHIX ApaX O-YaCTHUIH IPUTATHBA-
I0TCS APYT K APYTY, TAK 4TO HAUHUBINAA SHEPTHUA CHCTEMEl
MHOTMX Q-9aCTUI] MEHbINEe SHePrAM CHCTEMEl OTHEeJbHEIX
9acIdN, HO y HAC HET yBEPEHHOCTH, UTO «CTapOMOJHEIE)
CHJIBl, MCHOJNb30BAHHEE JiiiepoM m Xbio0x, IPHBEAYT K
B3aUMHOMY NPUTHKEHUMI0O o-dacTun. Ecim omm mpumeexyt
K B3aUMHOMY OTTAJIKHBAHHUIO, SHEPTUA CBA3H OYIeT HOBHI-
IaTbCsA NPH CKATAM M (OPAaBUJIBHHAY Pe3yJabTaT A
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TaKMX BOOOpaKaeMLIX CHJI MOM{eT BHIJIANGTH Goiee MM
MeHee TaK, KaK I0Ka3aHo Ha puc. 7.1 IyHKTUPHON KPHBOIi.
Jra KpHBafd NPHEMJEMO AOIPOKCHUMUDYeTcs HNPHOImKeHHeM
Xaprpu — Qora miaa GodplmuX IJIOTHOCTedl, HO He A
MaJIbX, X, KOHEYHO, 0YeHb CHIBHO OTIHIAETCS OT AeUCTBHU-
TeIbHOCTH.

Ho Bce »T0 — B3riiAx B Impomnnioe, @ MHOTHE TOAH
GOJBIIMHCTBO TEOPETHKOB-AAEPIUKOB CUAUTANO0 HCHOIb-
3oBaHHEe o0oj049edHOM Momenu 3abaymgenuem. Hemuorme,
73 yOpAMCTBA MM 0JarofapsA BepHOH MHTYHIMH, HACTaH-
BaJIi HA IPOJOJIKEHMH PacieTos B PaMKaX 000J09eYHOR
mofenu. B wactaoct, Mapusa I'énnepr-Maitep Gria y0em-
JeHa, 9TO AJepHHEe JaHHHE CBHIETeJIbCTBYIOT 0 CYMEeCTBO-
BaHAH 000JI09eK mOH00HO TOMY, KaK 000JIOYKH B aToMax
OpPOABIAIT Ce0A B MEPHOLHIECKONl cHCTEeMe 3JIeMEeHTOB.
OTH CBHJETEeIbCTBA CTAJHM CJIAMIIKOM SIBHEIMH, YTOOH HX
urgopuposarb. [lo-mpe)xaeMy GHIIO TPYAHO COTJIacoBaTh
9mcga HEHTPOHOB M IIPOTOHOB B Pa3JMIHEX 000I09Kax
¢ IIOCJEe0BATeIbHOCTLIO YPOBHEH IJIA KaKOH-IH0O0 IIOTEH-
nuaiabHOM AMu. O6Goso9ednas MOKENb CTaJa IMOJIb30BATHCA
yBasKkeHHeM ¥ OBIIa MOBCeMECTHO HPMHATA, Korga Mapus
Il'énoepr-Maitep m raxxe mesapucumo Wemncom, Xaxcen
z Cpo03 moOKasajd, 9T0 HOTEHI[MAJbHAA SAMAa CO COAH-
op6uTadbHOK CBA3BI0O MOYKET JaTh HYKHEE YHCIA.

9T0 03HAYAJO TAKMKE, YTO CUJH B3aHMOAEHACTBHA MEIRAY
HYKJIOHAMHO OTJIMYAIOTCA OT TeX, KAKMMHA AX CIUTANH. ITOT
QaKT GBI DOATBED/KAEH SKCIOPUMEHTAMH II0 HYKJIOH-HYK-
JIOHHOMY PaCCeAHHI0 Ipu OONBIIMX DHEPTHAX; DKCIepH-
MEHTH J0Ka3aJ®, 9TO CUJH B3aMMOAEHCTBUA MEKIAY HYK-
JIOHAMHE HACHI[AIOTCA He TaK CHJIBHO, KaK IPEAII0Jaraloch
(aT0 ocCTaBiAET MECTO AJA IPHUTAKEHHA MEXAY o-4acTH-
maMu), W 9YTO OHM HMMEIT CHJIBHYI0 OTTAJIKABATEIBHYIO
9acTh Ha Malakx paccrosauax. OTKpsTHe 061acTd OTTAJ-
knBaausa (Kopa) OHJIO IPWYMHOH HOBOTO CIOPIPH3a, HO-
CKOJBKY OTTAJKABAHHE IPEIATCTBYeT HYKJIOHAM mpubim-
3UThCA APYT K APYTY MOCTATOYHO OJM3K0, a 3TO PaBHO-
3HAYHO CHJBHEIM KoppenamuaM. Xaprpu-poKoBCKU
MEeTOJ, B KOTOPOM IpeHe0peraioT BCeMH NAWHAMHYECKAMH
KOppeJANUAMEA, BEePOATHO, HEe MOKeT OHTh IPEMEHHM
K CHCTeMe, cofiep;kameir Takme caikl. Bee ke obonoueunasn
Mojenb, KOTOpasg pacCMaTPHBAJach KaK CHHOHUM IIPH-
ommxerns Xaprpum — Doxa, ompaspgasna cebs.

9ToT mapajoKCc O paspemieH TOJIbBKO B Pe3yJabTrare
npubausxennn, npuEAToro Bpykuepom u passmroro Bere
H IPYTEME, KOTOPOEe OCHOBAHO Ha ToM paKTe, YTO KOPOTKO-
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leHCTBYIONee B3AMMOMNEHCTBHEE, B YACTHOCTH OTTATKHBA-
TeJbHHH# KOP, [0 M3BECTHOH CTEHEHH HE OYCHE 9yBCTBH-
TeJIEHO K OKpy:;xeHHIO. [losToMy cropee momxBO pacemat-
PUBATh B3aMMOJEHCTBAE MEXKIY ABYMA HYKJIOHAMH, KAaK
UMEIoIee MeCTO B YCPeJHeHHOM I0Je APYrHX HYKJIOHOB,
9eM IPelNoJNIOKUTh, 9UTO KKK HYKJIOH ABHKETCH B
HeKoTopoM YycpenHeHHOM none. PaccMmorpemme wmerona
Bpyknepa — Bere cBepx srtoro KPaTKOro 3aMeYaHHSA H
00630p MX KOIHIECTBEHHHIX pesyibTaToB, KOTOPHE BCe eme
HO/[BEPrajoTCA MEePecMOTPY, 3aBeAyT HAC CJIMIIKOM HaJje-
Ko. Ho onu pgaam BosmoxmOCTB OOHATH, moueMy 060J0-
UeUHaA MOJeNb NPUMEHEMA K CHJAM, AJA KOTOPHX He-
npumeEnMO npubGamxenune Xaprpum — Doxa.

Kpome Bcero mpouero ciopnpms cocromr B TOM, Kak
MOJITO W KAKAMU OKOJBHEIMH NyTAMH IPATLIOCH M/ITH,
Ope;x/ie 1eM MBI [JOCTHTJH IIPHeMIeMOro obmero moHMMa-
HOS CATYaIdd.

7.2, llpmkenne mentpa HHEpIUHA

Onme u3 acmexToB I MEAMEKH AApa, KOTOPHI# O9YeHB
IUI0OXG OPeACTaBleH B UPUOIMKeHMH 060N0YeTHOH Mope-
i, — NoBeleHne ero neHTpa muepnuu. G ofHOM CTOPOHH,
U3BECTHO, YTO B JGUCTBATEABHOCTH HMILYJbC ANPA COXpa-
HACTCA U BCISICTBUE HTOTO CKOPOCTH €ro MEHTPA MHEePIHH
nocrosaHa. G APyro#t cTopoHH, B 060M0UeUHOMN MoJean
SaK/I0YEHO NONYNIeHHE, ITO HMEeeTCA HEeKOTOPOoe II0JIe CHI,
ACHCTBYIONee HA BCe HYKJIOHH W IPHTATHBAIONEe HX K
OeHTPY, KOTOPHI, [ua yao6CTBa, BHOpaH 3a Hadajo
KOOpIMHAT; NEHTP WHOPIUE HYKJIOHOB Gy/IeT OCHHIIEPO-
BaTh BOJIM3H 5TOT0 Havala KOODPAWMHAT. DTH KojeGaHmA
a6CcoMOTHO (UKTHBRH, OXHAKO OHH eCTh HeMBGe;KHLI IIo-
GoumHil HPOAYKT UPHOAMKEHMA 06OIOTETHOM MOJIeJIH.
CremoBaTeabHO, B BTOM OTHONIEHWE BOIHOBASA OyHERIUIA
000JT09eTHO MOZeNH COXEPIKUT omubKYy, KOTOpaA DOJIKHA
OHTL HMCOpaBIeHa 3aMeHOM TOYHOM BOIHOBOM oyERIEN
nprbiamkenno#. Hackonsko Teopus BosMymemmit mo3so-
JfeT MCOPAaBHTh 3Ty OmHUOKy?

O6cyxmana aror Bompoc, GymeM maberaTh CIOMKHOCTE:
¢popmamusma Bpyknepa — Bere, HCIOOJIb3YeMOTO [JIA yde-
Ta CHUNBHHX KOPOTKOAGHCTBYIOIMMX KOPPeJANUiA, mpeamo-
Jaras, 9T0 MBI HMEEM /18710 ¢ HYKJIOH-HYRJIOHHHM B3amMMO-
neiicTeEeM §e3 CHJIBHOTO OTTAJIKHBATEIBHOIO ropa. Torga
MBI MéeM MPaBO OCHOBHIBATH Halle OPUOIMKeHMEe 060II0-
4eYHO# Mofien: Ha MeTofe XapTpu — Doka u OOIPaBJIATH
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9TO UPHOJAMKEHHEe C IOMOMbI0O OOKYHOR TEOPHH BO3MYIIe-
HEA. YPOK, HONy9eHHH! Ha OCHOBAHAHU 3TOH yIPOMEHHOM
Mofenu, Oyfaer saTeM NPHUMEHEH, HECKOJBKO YTOHUYEHHEIM
cmoco6oM, fus Gojee pealHCTAYHOIrO, HO 00Jiee CI0MKHOIO
paccMoTpeHus.

Temepr mame# orOpaBHOR TOYKOH OIATH ABIAETCA
CIDTEPOBCKHIA [eTeDMHHAHT, MOOCTPOCHHH U3 OMHOYAC-
THYHHX COOCTBEHHHX (QYHKIHMA AJIA IOTEHOHMAJBHON AME
U (r). B peitcteutensrocTr morernmuan Xaprpu — Doxa
nmpeacTaBiAeT co060i HENOKRAJIBbHYI0 HOTEHIUAIBHYIO AMY,
BHPa/KeHHYI0 B BH/e WHTErpajJbHOTO oleparopa, HO Bce
HAIIM IOCJeAYIOIMUe IOCTPOSHUSA OCTAHYTCSH BEPHH H B
3TOM ciaydae. Jlaa OpocToTHl MH He OyHeM BHIMCHBATH
HEJOKaJIbHOE BHpa)KeHHe.

3necs pasHOCTP MEXKAY HMCTHHHOM HOTeHIMAJIbHOM
3HepTHe# W TO#, KOTOpPas MCHOOJb3YeTCA AJIA HAXOKIeHHA
Halleii HeBO3MYMIEHHOHX BOJHOBOH (YHKIUH, €CTb

W=V—-U,
V= ,-%- Vrsr), U =2i, U (). (7.2.1)

I Byxuactrunmit morennuana V MoxeT GHTh HEIOKAJIbHEM,
a TaKKe MOKeT 3aBHCETh OT COMHA X OT H30TOOUIECKOTO
COMHA; MH OOATH, AJA KPATKOCTH, ONYCKAaeM 3TH mepe-
meraHHe. IloCcKonbKY m3BecTHO, 9TO 000J09€4HAA MOJEIb
upueMJieMO IepefaeT CHeKTP AApa, MOMKHO OMKHIATh, UTO
PAX Teopuu BO3MYImeHHA mo cremeHaM W Gymer CXoquTh-
csa. HopperTHoe wmcmonbsopaHWE TEOPHHA BO3MYINEHHMH
BKJII09aeT, KOHEYHO, IPAaBHJIbHOE 0Gpamenne ¢ BEPOKICH-
HEIMH COCTOSIHHAMM, HO JIJIS MPUMEPa MH MO;keM BHOpaTh
AP0 ¢ 3amOJHEHHOW 000J049KOH, Yy KOTOPOro OCHOBHOE
COCTOSHHME HEBHIPOKICHO.

CiopupusoM ABIgETCA TO, YTO HPH BCeX CAEIAHHKX
OTrOBOPKAaX, PAJ TEOPUH BO3MYMIeHH# He cxofaurcA. Boiee
TOTO, 3TO0 YTBEP:KAECHHE MOKeT OHTH HPOBEPEHO OYEHb
JeTKOo, 6e3 BHMONHeHNA KaKuX-TH0O0 AeTalbHEIX PACUETOB.
Uro6u yGeauThea B aToM, yno6HO BHOpaTh B KadecTse
mepeMeEHHX BMecTo 34 Koopaummar #; (toe i = 1,2, ...
..., A) noxokeHne MEHTPAa HHEPOUH

1
.R=72}i (7.2.2)
i
¥ KOOPAMHATH OTHOCHTEJIbHO I[€HTPA MHEPIHH
§'=rt —'R. (7.2.3)

163



Koopmaratar & me He3aBHCHMBI, HOCKOJBKY HMX CyMMa
TOXIECTBOHHO O0pamaeTcs B HYNb B CHIXY ompeieleHn A
(7.2.2), m mm, CJIe7IOBATeNbHO, MOKEM BHIGDATh M3 HHAX
A — 1 HesaBuCEMBIX BEKTOPOB HJH TaKO€ jKe UHMCJIO0 HX
He3aBACHMHIX KoMOuBanmii. [{na mammx memeit HeCymecT-
BEHHO, KAaK 3TO [leJIaeTCA.

Hanee, maBectHO, 9T0 TOwHOE pelmeEme MHOroYacTHg-
HOI‘O‘ ypaBrenus Illpemunrrepa Moxer GHTH 3amucano B
BHJE;

¥ =exp (ikR)y (). (7.2.%)

3necs &k — mommEg EMOYJIBC B eAWHANAX %, a & — cum-
BOJI, 0Go3Haualmumit HaGop BCeX HE3aBHCHMEIX BEKTOPOB
§;. Ecam pax reopum BO3MYMEHHH CXOAUTCA, OH Jaer

K i

7.2. BonnoBas QyHKDHA 060I09IeTHON
Mopenn (D) m TouHAA AmepHAA BOJIHO-

/\ y Bag ¢ymEknus (¥) B 3aBHCEMOCTH OT
/ LOJI0}KeHNs eHTPA MHOPIEHA IpH GHK-
< R

CHDOBAHHHX 3HAYCHHAX BHYTPEHHAX
HepeMeHHHX

HEKOTOPO® BHIpaykeHHme nns ¢yHkmum (7.2.4), maummaio-
meecs ¢ BONHOBOE QYHKIEE 0G0I0UeTHON MOAENH, KOTO-
pyio Gynem oGosmauaTh Gyksoit . Teopus Boamymenmi
AJLA OCHOBHOTO COCTOSHHUS BCerfia HPHBEIET K OCHOBHOMY
COCTOAHMIO, TaK UTO CIEAYeT OKUAATH, 9TO PA3JI0KEHHS,
OCHOBaHHO® Ha (¢yHKmmE O 0CHOBHOTO COCTOAHHA, HpH-
Befier K ¥' ¢ k =0, rak xak srto COOTBETCTBYET HAWHU3MIEH
TPaHCIANMOHHOA dHeprum.

CpasmuBas ¥ m @, o6paTm BRUMaHMe HA WX 3aBHCH-
Mocth oT R npm QurcupoBaEHHX 3HAUEHHAX BCEX E;.
Taraa saBucmmocTs mpepgcraBimeEa mHa puc. 7.2, KoTopHi
m3o6paxaer @ n ¥ kax PpyHKnEE KaKOH-THGO KOMIOHEH-
TH BekTOpa R. C onHoit cTopons, 09eBH/HO, 9T0 QYHKIHS
® nomxEa EMET MaKCEMYM, MOCKOJBKY BEPOATHOCTH
NERTPY MHEPIHUA HAXONUTHLCA BJAJMH OT HAUaja KOOPAEHAT
oweHs Mana. G gpyroit cropoms;, ¥ me sasmcumr or R.
Takoe cpaBHeREe sCHO IOKA3EIBAET, UTO MBI mepexoauM
OT JHUCKPETHOTO COCTOAHMA K TIPAHALE HEOPepPHBHOIO
CIeKTpa, 9TO HEBO3MO)KHO CJeJaTh HPH MOMOIME TEOPUH
BO3MYIMEHAIA. .

3aTpynHeRme MOKHO OPOMINIOCTPUPOBATE JOMOJNHM-
TeIPHO, PAaCCMOTPEB CHeNWANBHHIN CAy4ail, KOTAa IOTEH-
[uanbnas AMa, OUPeaeiAaomas BUJ BOIHOBOK pyEknmm @
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obono4egnoii Mojenu, BHOMpPAaeTCA TapPMOHUIECKOM:
U (r) = ar?/2. (7.2.5)
Cymma MU (#;) Mosxer GHTh IpejicTaBieHa KaK Peayib-
i

TAT CIOKEHHA J[BYX UJIGHOB, OJUH M3 KOTOPHX 3aBHUCHT
or R, npyroili — oT KOOPJMHAT OTHOCHTENBHO IEHTPA
uHepnuu (BHYTPEHHMX HepeMeHHEX) §;. JleiicTBuTeNBHO,
u3 (7.2.2) m (7.2.3) B oTOM cIydae IoaydaeMm

Nvey=Foar+5a) 8 (7.2.6)

Torga BoamOBaA (QYHKIOUS OCHOBHOTO COCTOSHHA TAaKOI
060109649HOIT MOJe/IM eCTh TAK)Ke OPOM3BEeHHe BHYTPEH-
Heill BOnHOBOH (yEKmmE u rayccoBckod ¢ymrmum ot R.
B sroMm wactEOM ciydYae DpuGAHKeHHMe Jydme, 4eM B 006-
meM caydae, oGCy:KmaBmeMcs BEIme. ME Mo)keM BE9eCThb
4jleH, CBA3AHHHIM C IEHTPOM MHEPIHH, A3 TaMHJIbBTOHHAHA
o6onogegnoir mopmenm (7.2.6), mocie wero ocraHeTCs IO-
TeHI[ZAJ, NeACTBYIOIMHA TOJIHKO HAa BHYTPEHHHEe KOODAH-
gaTH. CoGcTBeHHEe QYHKINA [ HTOH 3a4aTd MOTYT OHTH
JIeTKO NOCTPOGHH ®3 COGCTBEHHHKX (QYHRIOUA AJNA IOTeH-
mEaja rapMoEmdecKoro ocmuinsaropa (7.2.5). Mu mMmeem
Temepb 4MCTO BHYTPOHHUI DOTEHIUAJ], M PAa3HOCTh MEKAY
HAM M HCTHHHHM [BYX9aCTHIYHHM B3aUMOJEHACTBHEM €CTh
raxske QyHKOEA ToabKo oT §;. B sroii Momudpummponmam-
HOM MOJ(e/W HWCYe3AI0T HAIM BO3PAKEHMA npo'mB pasiuo-
JKeHHA B PAJ TEOPDHH BO3MYINEHHUI.

Opmmako Takoe IIOCTPOEHHE IPUMEHHMO TOJNBKO K Tap-
MOHHYECKO# HOTeHNHAJNLHOM sAMe, a DoTeHmuan Xapr-
pu — Qoxa me apasgerca TakoBuM. CiefoBaTeIbHO, MOK-
HO HCIOJb30BATH TapMOHMYecKMiA moreHmuan Buga (7.2.5)
KaK IOpEMEp HEDOCPe[JCTBOHHOH NOPUMEHHMOCTE TEeOpPHH
BO3MYIIEHUMH. g

Ecau Mu onpemenuM HaII BO.fiMYII(aIOl]lHﬁ MOTeHIAA T
W no mcxommoit ¢opmyrne (7.2.1), To HeBO3MYMEHHHI
. TOYHHH raMuUJbTOHHAHBI PasleisgioTCsd HAa dacTd, Aei-
cTBylomue Ha &, m wactm, sapucamme or K. Torga pax
TEOPHHM BO3MYIIEHUHA DaBHOCHJIER KOMOMHAOUA DPasiorke-
HEil IO TEOPHMM BO3MYMEHHI [JiA BHYTPEHHEIO ABM)KEHH
B I [OBHKEHHA MeHTpa uHeprmuu. Hame saTpynHeHHe
uMeeT OTHOIIeHME K mociefmemy. Jlasaiite samumem co6-
CTBEHHYI0 ()YHKIMI0O OCHOBHOTO COCTOAHHA [JA OCIUJIA-
tTopa ¢ cmaosoit mocrosmHoir ad (1 — A). Torga A = 0
COOTBETCTBYeT HeBO3MYIIEHHOH 3ajade ¢ 3asucamuM ot B
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norernuanoM B Bufe (7.2.6), a A = 1 — peansHOMY cary-
9ai0, B KOTOPOM He YYHTHIBAeTCS CHia, NeHcTBYOmMAas Ha
HOeHTD WHepIHH.

B sroit 3aaue cobeTeEEAA GYHKIUA OCHOBHOIO COC-
TOAHUA AJaA Macchl M = Am ecTsb

. 3/8
P (R)= [aAﬂn(szili)3/47»)] exp{-—g;; [eA?m (1 — }\)]1/2}.
(7.2.7)

Tenepr BugHO, uTO dTa PYHKIMA mMeeT TOYKY BETBJICHHA
mpu A = 1, T. e. 9TO pagMyC CXONUMOCTH s paga mo
CTemeHAM A paBeH efuEEme. PAgsl MOryT GHTB TONBKO
YCIOBHO CXOAAIMMHUCA HPHE A = 1, HO sACHO, 9T0 B Ka-
9ecTBe POIICHHH TAKOH PAJ NPAKTHYECKH He MOMKeT OEITH
HCIOOTb30BAH. '

Ouerupno, takoe sxe mosenenme XapaKkTepHO M [
obmeit 0Gosogeunoit Momen, KOTOpas He JONYCKaeT pas-
ReJIeHAs NOTeHNUANbHOR dHeprud Tuma (7.2.6). Omemom-
JseT, KOT[a HAYMHAeIIb ACHO HOHMMATbH, UTO HMCIOIb30-
BaHWe Pa3NOKeHUsA B PAJ TEODHHM BO3MYMEHHI /A BHe-
CeHHs IONPABOK B 000JI09€IHYI0 MOXENb, KOTOPAsA OYCHD
MUPOKO MCHONB3YETCA, 00 KPaiHed Mepe JJIsd KadeCTBEH-
HBIX OLHOK, OTKPHITO AJA CTOJb OCHOBATENbHON KPUTAKH.

Hapgo, ommako, moMHETH, 4To Ha TIPaKTHKe B TaKUX
PaslIoeHnAX PeJKO yAaeTCs MOJYIUTh WIEHH! BHIIE BTO-
poro mopsgka. B atux wmemax mmeerca Bruan, KOTOPHI
MOIKEH MCKJIOIHTD SHEPIUI0 HYJEBHX KosneGammit menTpa
WHepPOHA, HeNPABHJIBHO BKIOYEHHHX B 000J09e9HYI0
Moenb. ITOT BKIAJ HeHCTBYeT B mPaBHABHOM HampasJie-
HOAR, XOTA M JaeT HeopaBHJLHHE 49ucia. BHocuMmas 3a
CUeT 9TOro OmmubKa B PaCCIATAHHHE DHEPreTHICCKHE ypoB-
HH, 0e3 COMHEHMs, MEHbINe, YeM TaK MIH HHAYe JOmyCKa-
eMas omubKa 3a cuer Goiee BHCOKMX WIGHOB psja TEOPHHI
BO3MYIEHU [JA BHY TPeHHero Asmenms. CiegoBaTels-
HO, HOXO03Ke, UTO «He UMelomee 3aKOHHOH CHJIE PasiIoKe-
HHE [1aeT BHOJHEe HEeMIOXWEe CBeJeHHHA O AMePHEX COCTO-
AHAAX U UX 9HePruax. OmmbKa cTaHOBHTCH CYIECTBEHHO,
©CJIM TOJBKO MH 3a/laéM BOIPOCH!, KACAOMHUecs Hemocpe -
CTBOHHO NBHKEHHs [EHTPA MHEPIHUH, KOrja DPAX Teopun
BO3MYINEHU# CTAHOBHTCS COBEPINEHHO (ECHOJIe3HEIM.

Nwmeerca rexHmra, mossoisomas 060iTH 3Ty TPYA-
HocTh. Hamo K Toumomy noreEnuany V pob6aButh GuKTHB-
HHHA NOTeHNHAJX IEeHTpa MHEPIUHA, KOTOPHH B KOHIe
pacuera Mo;ker GHTH JeTKO MCKJIYeH (CM., Hampumep,
pabory Campepcoma, Jdammorra, Maspomatmca u Cua-
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xa *)). B srom caydae Teopmsa Bo3MyIeHHi OPUMEHAETCH
IVIA ydYera Iepexofl0oB U3 OJHOT0 TMUCKPETHOI'0 COCTOSHHUA
B [pyroe, W Teleph HeJb3sd C OIPEIEJEHHOCTHIO yTBEpP-
MIaTh, 9TO pasios;kenue BooOmie He cxomgurcsa. Heobxomqu-
MO OTAeJLHOe HCCiIefloBaHHe, YTOOH YOequThCA, ABIAETCH
JM 3TO PasiioyKeHHe MCTHHHO CXONSANIMMCSA M CXOJUTCHA JH
OHO [[0CTATOYHO OHICTPO, 9TOOH OHKTH HOPAKTAYECKH IIO-
JIe3HEIM.

AnbTepHATHBHEIM METOJ COCTOMT B MCIOJb30BAHHH
IIPOEKIIMOEHOr0 METO/a, 9T00H MCKIOIATH IBUIKEHNE IIeH-
TPpa WHEPIUWHA M3 COCTOSHUE 060J09eYHON MOJedH, IPeRIe
9eM OPUMEHATH Teopuio Boamymenumit. IlockoxbKy, ogma-
KO, OPOGKIUOHHKE COCTOSHHSI He 00pasyioT IOJHYI0 Op-
TOHOPMHPOBAHHYIO CUCTEMY, Hafl0 MCIOJH30BATh PA3BUATYIO
asTopoM Mogudpunupopannywo gopmy Teopum **), Ho nora
OHA PeJKO NPUMEHAETCA Ha HpPaKTHKe.

*) Sanderson E.A., Elliott J. P., Mavromatis H. A.,
Singh B./l Nucl. Phys.—1974.— V. A219.— P. 190.
**) Peierls R. // Proc. Roy. Soc.—1973.— V. A333.— P. 157.
Atalay B., Mann A., Peierls R. // Proc. Roy. Soc.— 1973.—
V. A335.— P. 251.



8. TEOPUA OTHOCHUTEJIbHOCTH

8.1. U3nyvyenme npu rumepGommgeckom
ABIKEHAH

Ham caegyomuit m mocienmumit CIOPOPHU3 HNPOUCTEKAET
u3 craporo mapagokca. Paccmorpum sapsxeEHOe Teio,
HOo/[BeNIeHHOe HEHOABH;KHO B CTATHYECKOM TDaBHTALHOH-
HoM nosie. OUeBHHO, OHO OKPYKEHO BIEKTDPOCTATHICCKHM
IoJeM ¥ He BOBHMKAET BOIPOCA 0 KaKOM-Tu60 M3IyYeHHH.
Ilo mpmENUNY SKBEBANEHTHOCTH, KOTODHIH ABIAETCH OC-
HOBO# OCHOB 00mell TEOPHH OTHOCHTEIHLHOCTH, 3TA CHTY-
anusA SKBUBAJNEHTHA PAaBHOYCKOPEHHOMY TeIy B ILIOCKOM
(sBKIMITOBOM) mpOCTpaHCTBe. MH IPHBHIKIE AyMaTh, 4TO
PaBHOYCKODEHHOE 3aps;KeHHOe Texo maxydaer. OmgEako
HaJIMIde UJIH OTCYTCTBUE MBIYYeHHA NOJKHO OHITH HaG-
AolaeMBM (QaKTOM H, CIE[OBaTeNBHO, HE 3aBHCAT OT
cucTeMHl oTcuera. Eciu B Hamem paccyxmeHnu HeT omu6-
KH, MH IMeeM [jeJI0 ¢ HapyIleHneM NPUHIAIA SKBABAJICHT-
HOCTH.

Mu Gynem roBopuTh 0 mepBoii cmcTeMe oTCIETA, B KO-
TOPO} EMEeTCA TPaBHTANMOHHOE II0Je, Kak o0 G-cmcreme,
a 0 BTOpPO#, rjle TPABHTANUOHHOE HOJE OTCYTCTBYeT, KaK
06 F-cucreme. B F-cmcreme Temo HEOTDAHHYEHHO YCKO-
pAercsa m, CleNoBaTeAbHO, 6T0 CKOPOCTH HE MOJKET OCTa-
BaThCA MAJIOX B CPAaBHEHHH CO CKOPOCTBIO CBETa; IOBTQMY
Heo0X0IEMO MCIOIB30BATh PENATHBUCTCKYIO KHHEeMaTHKY.
Onmaxo, 9ro6s paso6pathca B BoIpoCe B o6mux weprax,
Ha9YHeM C HMCHOOJB30BAHHA HEPeJIATHBHCTCKHX pe3ysIbTa-
TOB, & 3aTeM PaclpPOCTPaHAM Hallle PACCMOTPEHHE Ha pe-
IATUBACTCKHEA ciydaii.

Hepenarnsucrckoe BHpaieHEe AIA CKOPOCTH, C KO-
TOPO# MAJIeHBKO® 3apPMKEHHOe TeJ0 H3TYIaeT HIEKTPO-
MarHATHYI0 9HEPTHI0, OOHYHO 3aIHMCHIBAETCA TaK:

LA m:)_cauzsAuZ, (8.1.1)
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TAe e — 3apAf, a & — ycKopenue. VsBecTHOo, 9TO BO BCEX
IpPaKTHYeCKUX CUTYAMUAX 9TO BHpaskeHme (MIH ero pess-
THBHCTCKOe 0060GmeHHe, KOTAa 9T0 Tpebyercs) gaeT Ipa-
BHJIBHHE OTBET [JIA IOJHHX DOTEDPh DHEPIMH Ha H3Iyde-
gue. OMHAKO 09EBHIHO TAKIKe, ITO HTO HE €CTh IPABHIBHOE
BHIpDa)KeHHE NJAg MTHOBEHHOH CKODOCTH WOTePH JHEPTHH
3aPAKEHHEIM TeJIOM.

9TO0 BHJHO W3 BHPAKEHHA JiA PaGOTH, NMPOHM3BE/ICH-
HOHA TejoM: ’

aw

S =—Fu, (8.1.2)

rae F' — cuna, geiicTeylomas Ha Tejo, B JaHHOM cjydae
pagmanuorHOoe Tperue. Ecam 6u Brpamenue (8.1.1) Geuro
NpPaBUIBHKIM [Id KOKAOTO TAaHHOTO MOMEHTAa, MOKHO
Oerio OHl, WO KpaifHeidi Mepe B CiydYae IPAMOJHHEHAHOTO
IBUKEHNA, MONYIHTE: F [lelenueM Ha 4, a 3TO 03HAYAJIO
0o GecKOHEYHO OONBIIYI0 CHIY pPafAHallAOHHOTO TPEeHHA
B MOMEHT, KOTAa CKOPOCTh, HO He yCKOpeHHe, ofpamaercs
B Hynb. BMecto sToro moxuo B (8.1.1) BEEEIUTH HOXHYIO
IPOX3BOLHYIO

AW —— Awii + A 2 (). (8.1.3)
Ilpm mETErpUpOBaHWE IO BPEeMEHHOMY MHTEPBANY BTOPOM
9WieH JaeT PasHOCTh 3HAUYeHHd Aut B HAYAJBHEIA M KO-
HOYHEIA MOMEHTH. JTa PasHOCTh obpamaerca B HYIb JJIf
a1060T0 MePHOJMIECKOTO ABUKEHHUA, €CIU HHTEDPBAN COC-
TOMT M3 HEKOTOPOT'0 YMCJIa MOJHHX OUKIOB. B ciydae
CTOJKHOBEHHs, TAKOr0, KAK IPU UCOYCKAHHHM PEHTTEHOB-
CKROTO H3Iy4eHHA, 3Ta PA3HOCTH TOXKE 00pAIIaeTCs B HY by
€CJIM B HATAJIBHON M KOHEUHOU CTAAMAX 3aPAKEHHAA Yac-
tarna cBobogma, Tak 4ro # = () Ha KOHOAX MHTEPBAla.

9T0 THNHYHO HOYTH [JiA BCeX HPAKTHUECKHX 3ajad,
B KOTODHX WHTEPECYIOTCH H3JIydeHHeM, TAK YTO MEl HE
M3MEHUM TPeACKA3AHHMA AJA [OTePh SHEPIMH, €CJIH 3a-
mbEuM (8.1.1) Ha

aw

S = — Auii. (8.1.4)

Teneps y Hac ecth aGCONIOTHO PasyMHOe, COIJACYIOMeEecs
¢ (8.1.2) sHpaskeHme A CHIH PaJHANUOHHOrO TPEHHSA,
a HMEHHO

F = dii. (8.1.5)
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3amerum, 9TO B 3ajade, KOTOPAm GHLIA IOBOTOM IA
Hamero mapajgoKca, HeIb3sA MpeHeGpPeYb CyMMAapHBIM feii-
crBueM Broporo wiena B (8.1.3), mockombKy Ama paBHO-
MEPHOr0 YCKODEeHHA HH CKOPOCTb, HM YCKOPeHHe He 00-
pamaoTcsA B HYJh HA KOHIAX MHTepBana. JlefcTBUTeabHO,
HOBOe BHIPA)KEHHE NJIA IIOTePh DHEPTUM HUKOMM 006pasoMm
He DKBHBaJXeHTHO ctapomy: (8.1.4) m (8.1.5) o6pamamorcsa
B HYJb, €CIM ¥ TOCTOAHHO, X BOBHAUKAET HCKYIICHHE Cle-
JaTh 3aKJAOYEHHE, ITO B F-cucTeme HeT M3IydeHHA, a 3TO
BOCCTAHABJIMBAET COPABEAJIMBOCTh NPHHIAIA SKBUBAJICHT-
Hoctu. Takoe paspemenme mapafokca IPHBOLMIO OH K
HEOKUJAHHOMY BHIBOJY O TOM, ITO DaBHOMEPHOE yCKOpe-
HHe He IOPUBOAUT K M3IYyIeHUIO.

ITO paccy)KIeHHEe MOKeT GHTH PACIHPOCTPAHEHO W Ha
CIy9ail PeJATHBUCTCKOM KuHeMaTHKHM. IIpome Bcero sTo
crenaTh, 3aMeTHB, 4TO Bhpaskenme (8.1.5) ans cmam pa-
AUALMOHHOTO TPEHWA CIPABEJIABO B MOMEHT BDeMeHH I
B TaKO#l JIOPEHIEBOH cHCTEME, B KOTOPOH 3apaKeHHOe
TeJl0 B 9TOT MOMEHT IokoutcA. IIpmmensa mpeoGpasosa-
Hue JlopeAna K 9TOMY BHIPasKeHMIO, MOKHO HAMTH CHIY
B cJIy4ae OIPOM3BOJBHOMR ckopoct. MHl ceaem aro, mpep-
IIOJI0KUB, ITO CKOPOCTh U YCKOPEHHE MMEIOT OIHO M TO ;Ke
HampaBieHue. Torga pesyiabTaT TaKOB: iy

i 3uu?
F=4 { [1— (ufc)?]? + AT — (ule)P } . (8.1.6)

Jlerxo mposeputs, 4T0, yuuTHBaA 0GRy GOPMYIY AAA
PajamAOHHHX IOTEPh

aw Ay
dt  [I— (o ? (8.1.7)
nMeeM
aw d Auu .
= Pt g e (58.1.8)

T/l ONATHL HOCAeJHUE WIeH He JaeT BKJaja B HATerpan’
[0 BPEMEeHH, eClId ¥ WX i 06pAIMalTCA B HYJh HA KOH-
Nax WHTEePBaja MHTETPUPOBAHUA, & TAKKE €CIH [BHKEHHE
MePUOJUIECKOe.

Jlerko Tak)Ke mpOBEPHTH, YTO CHJIAa PaEANEOHHOTO
Tpenus, 3ajaBaemas BHpakeHmeM (8.1.6), oGpamaercsa
B HYJb JJIA «THNEePOONTAIECKOTO0 ABMKEHHA), IPH KOTOPOM
HCTHHHOEe yCKOpeHue *) ImoCTOSHHO:

2= (c/e) V(@ T £°8). (8.1.9)

*) HcruaHOe YCKOpeHHe — YCKODEHHE B CHCTeMe, Ije JacTHIA
B JAHHHA MOMeHT moxomrca. ([pumey. ped.)
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Unes o toMm, 4ro TaKoe rumepGoamueckoe [BHKEHHE
3aPAKEAHOA YaCTHIH He OPMBOAUT K H3JIYyIeHHIO, OHLIA
puepshie BHABuEyra Ilaynm *). OE mpumea x aromy
BHIBOAY W3 DAacCMOTPEHHS 3JIEKTPOMATHHTHOTO IOJH, HO
pe3yabTaT, KOHEYHO, COTJACYETCH C OTCYTCTBHEM CHJIH
PafUaINMOHHOI0 TPEHUA.

Ho mac oxmpaior paapHeiimme ciopmpmael. Tmmarean-
noe mccaenopanme Dyaroma m Popamxa **) moxasao,
at0 manydenme ectb. Hamo mposBasare ocroposxmOCTS,
ompefendad, YTO MH IOHMMAEM IIOJ[ U3JTYyYCHHEM, IIOCKOIb-
Ky 49epe3 00JbIIOi IPOMEKYTOK BPeMeHM JacTHIA OKa3kl-
BaeTcA OYeHp OJM3KO OT WMCIOYI[EHHOTO €I0 H3JIyIeHHA.
@Dynror u Popaux Bhmcamam 3amasgHBaomMuil IOTEH-
[UaJl ¥ C ero MOMOINBIO I0JIA, 0GYCIOBIGHHEE OMpefeeH-
HOM TOYKOW HA MHPOBOH JMHHA 9acTUIH, depe3 GOJbIIoR
npoMme:xyToK Bpemenn {. Takum oGpasom, mossi paccmat-
puBanuch Ha cdepe pagmyca ct. 3atem OLLI oIpeeseH
Bextop IloitaTHHra Ha 9710 cdepe, a oTcioma — MOTOK
omeprum depesd cdepy. Haxomern, Gpamca mnpegen mpm
Oeckomeunom . Pesymprar aToro pacuera mam CKOpOCTSH
H3JIy9eHHsd, COBHAJAIOMYI0 ¢ BHpakenmeM (8.1.7).

970 BO3BpAIAET HAC K HAPAJOKCY, CBA3aHHOMY C IIPHH-
THIIOM 9KBUBAJIEHTHOCTH, U, KPOME TOI'0, BOSHNKAET HOBHII
JapajloKc, MOCKOJbKY HAa HEPBHIA B3IJIAN HAJIAUde H3JIy-
9eHMS B OTCYTCTBHE CHJH PAJUAIMOHHOIO TPEHHS KajsKeT-
CA HECOBMECTUMHM C 3aKOHOM COXDAHEHHA JHEDPIHH.

Bropoit m3 aTHx [BYX HapajjoKCOB M4UKHO Da3peIIHTh,
crexys Dynrony u Popauxy, ecan yacmuth, 9ro Gamanc
9HEPIMM BKJIIYAeT DHEPIHWI0 M3IYIeHHA, MEeXaHHIECKYIO
9HEPTHI0 FaCruOE H «COOCTBEHHYIO DHEDTHUION, T. €. dHEp-
rUI0 I0JfA, OKPY;Kaolmero dactuny. B oGwramoM cayuae,
KOT/la YaCTHIIA ABMKETCHA PABHOMEDHO KaK 0, TaK M IIOCJe
HCOYCKARKA M3JIYIeHHWS, MOJe BOKDYT IaCTHIIHL CO BpeMe-
HeM yCTaHABJMBAeTCA ONATH TAKUM ’Ke, KAK U I PaBHO-
MEPRO [BIKYIIErocs 3apAfa, M DHEPras [OoJdA 3aBHCHT
TONBKO 0T CKopocTH. OgHAaKo OpH runepGoiHIecKOM ABH-
JKEHHM, KOTJa YacTHOA HPOLOKAET YCKOPATHCH, IIOJe
Oyner Gomee caokHHM. B wactHOCTH, HMOTKy#a He cie-
IyeT, 9TO OHO 3aBHCHT TOJBKO OT CKOPOCTH, TaK KaK IOJA
BCerja MOJYYalOTCA K3 3aNas3gHBAIOMEro IOTeHINAJa,
a 2T0 HApyImIaeT CHMMETDHI0 Me;KAy (asaMm [BHIKEHHS
C 3aMeJJIeHMeM U ¢ yckopermeM. Takum oGpasom, sHeprus

*) Pauli W. Theory of Relativity.— N. Y.: Pergamon
Press, 1958.— § 32 v.
**) Fulton T., Rohrlich F. [/ Ann. Phys.—1960.— V.9. — P.1499.
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OONfA B MOMEHT, KOTTa 9aCTHIA YXOXAT CO CKOPOCTBIO U,
He mosxHA OBITH TOH K€ caMoif, KAK B MOMEHT ee npuxoja
CO CKOPOCTBI0 —u, ¥ 3Ta Pa3HMIA MOKET KOMIEHCHPOBATDH
HMCOYIEHAYI0 MEXAY STUMH BPEMeHAMH OHEDTHI0 M3Iy-
9eHMSA.

Ocraerca mapajjokc, CBABAHHHIH ¢ NPUHIUIOM DKBH-
BaneHTHOCTH. CmOoco6 ero paspememms HaliieH B 3aMme-
9aTeNbHOM, 10 CHX IO He onyGnKkoBaHHOM pabore 1. Bya-
Bape *). Uro0m mpuBecTn ero paccyxgeHms, HyKHO TodU-
Ho ompeneants G-cucremy. IlorpeGyem, wro6m B sroit
CuCTeMe 9JacTHLa IOKOHMJach M 4T00H MeTpHMKa OHIa He
sapucAmed or Bpemenn. (Ecam rpasmranmmommoe mone
BOIM3M 9YaCTHLH MEHSETCA CO BPEMEHeM, TO HeT HEYero
YAUBHTENBHOTO B M3JIYYeHMH JarKe HEIIOABUKHOTO 3apA/a. )
ITo TpeGoBaHHe OAHO3HATHO OUpPEJeJser G-cucremy, ecianm
He YIATHBATh TPUBHANLHYIO 3aMeHY KoopAamBar. Ecam Mu
0003HAYMM KOODAMHATH B 5TOi cmcTeme E, n, & T, TO
CBSA3b MEXKAY HAMU U KoOpAMHAaTamMu F-cmcTemu G6ymer
UMEeTh CAefYIOIMuA BHI:

z=2E§ y=m z={cht, ct = {sht. (8.1.10)

Temeps wactuua, BEmoMHEAImAN runeplosuIecKoe IBH-
/KeHue, 3anaHHoe ypasHeHueMm (8.1.9) B F-cucreme, memo-
ABwkHA Opu { = c/g. Merpmka 3amaercs CoOTHOIIEHmEM

ds* = c*dt* — da® — dy? — dz? =
= {’dv® — dE* — dn® — d2, (8.1.11)

KoTopoe, Kak u Tpe6OBald0Ch, HE 3aBHCHT OT T.

Ha pumc. 8.1 moxasaHH AMEMM IIOCTOSHHEIX 3HAYeHM {
H IIOCTOSHHHX 3Ha4eHHH T B INIOCKOCTH 2z, {. I'1aBHOe
BHEMaHMe HaJo o6paTuTh Ha CIGIYIOIee: 9aCTH IPOCTPAH-
CTBa-BDeMEHHM, COCTOAMEH M3 BCEX IOJOKUTENBHHX [ I
BCeX T OT —o0 0 00, HA INIOCKOCTH Z, ! COOTBETCTBYET
CeKTOP MeKAY ¢l = 2 U ¢t = —z. IlogoGubim o6pasom
OTpHIATeJbHKE { IPeCcTaBIeHb OPOTHBOIOIOKHEM CEKTO-
poM, HO ¢ orpumaTenbHHMH 2. OcTagbHAA 9aCTh IIOCKOCTH
Z, ! He OCTHTAeTCA HU IPH KaKUX peadbHHX [, 1. Dusuue-
CKasA NPUIAHA HTOTO ABJEHUA COCTOMT B TOM, 9TO B G-cHCTe-
Me rPaBHTalAOHHOE [0JI€ OTKJIOHAET CBET M IPH MHTEpPBaJe
Buja (8.1.11) aBaserca npuumBO# GOKYCHPOBKH CBETOBHIX
JyYeli W HOABJIEHASA (TOPH30HTA.

*) B macrosmee Bpema sra paGora omyGamkosama: Boulwa-
re D.// Ann. Phys.—1980.— V. 124.— P. 69. ({Tpumeyw. asmopa
K pycckomy uszdanuio.)

172



Teneps oxassBaercs, aro H3Ty9eHHe, ROTOPOE JOJKHO
Outs mcnymeno mo @yarony m Popnuxy, Bce mmer B Ty
9aCTh ILIOCKOCTH 2, ¢, rjae ct >z, ¢t > 0, koropaa He
UMeeT JKBHBaJeHTa B G-cucteme. Ecam aro mpasmabHO,
TO JIOKAJNIbHO HET HADPYMIeHNS NPUHIMIA 5SKBUBAJEHTHO-
CTH, IIOCKOJLKY B TOM 9acTH IPOCTPAHCTBAa-BPEeMEHH, KO-
TOPas Mojker OHITH OIMCAaHA B 066MX CHCTeMAaX, HeT H3JIY-
9eHUsA HM OPM KAaKOM oONMcaHWH. V3gyuenme mnmeeTcs

8.1. JImEME MOCTOAHHHX 3HAYEHWI IPOCTPAHCTBEHHOM KOODAMHATH
7 BpeMeHH B G-cucreme, m300pasKeHHH® B F-cucreme

B TOil 9acTd F mpocTpaHCTBa-BpeMeHH, KOTOpAas HO HMEeT
9KBHBAJEHTA B G-CHCTeMe, M MOJTOMY JJIs Hee He BO3HH-
KaeT W BOIpPoca 00 YKBUBAJEHTHOCTH.

.JloKasaTexbCTBO TOro, 4TO W3TyUEHHE B CaMOM JeJe
HJeT B BTY 9acThb OPOCTPAHCTBA-BPEMEHH OYeHH IIPOCTOE,
Paccmorpum cBerosoit curmai, BosEMKmIEIE B MOMEHT Bpe-
MeHN ?o, KOT/ia 3apsAKeHHoe Tes0 GHIT0 B Todke Z. Korma
®TOT CHTHAJ NpOMTeT paccrosnme R B HaIOpaBiIeHHW,
COCTaBJIAIMEM Yrox 6 ¢ ochbio z, B MOMEHT BpeMeHH £ =
= ¢y + R/c om oraskercs B TOUKe

2=12y+ Rcos 0, (8.1.12)
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1moaTOMY
¢t — 2z =cly — 29+ R (1 — cos 0). (8.1.13)

Ilepsoe cmaraemoe cmpaBa — OTPHI[ATeILHOE, BTOPOE —
HeoTpunarensHoe. OfHAKO COINACHO CKABAHHOMY BEHIIIe
Hano ycrpemuth R K GECKOHEYHOCTH mpH PUKCHDPOBAHHEIX
%9, . B aTom mpenene BTOpoe ciaraemoe mommm upyer,
€CIH HCKIOYIATL WHTEPBAN YIioB, Gam3kux k 0 = 0,
KOTODH# B IIPefese CTAHOBATCH GECKORETHO Y3KUM.

Mu npuxomum k BHBOAY, 4TO H3JyUeHre, YXOqAINee
Ha GeCKOHETHOCTb B 06NACTH, HONYCKAMIIeH OMMCAHHE B
G-cucreme, cTpemMuTca K HYIIO.

Mosxmo m06aBuTH, 9TO HTOT mAPATOKC HECKONBKO aKa-
AEMUYEH, IIOCKONBKY B [JeHCTBUTENBHOCTH TI'DaBHTAIMOH-
HHI® IOJIS HUKOIJAa Re HPOCTHPAITCH X0 GeCKOHeYHOCTH,
H eCJIH IO0JIe, KOTOPOe MBI OIMCAJH, IOMEINEHO B ILIOCKO®
HOPOCTPAaHCTBO, HOJNHAA SKBUBAJIEHTHOCTh, a ¢ HeH W ma-
panokc wmcyesaior. VimenHo sra aprymeHTanms Ghima mc-
nonb3oBana Dynromom m Popamxom, 4robr mabemxars
napajgokca. OnHako B 3aKoHaX 06mIel TEOPHHE OTHOCHTEAB-
HOCTH /M DJIEKTPOJAMHAMUKE HE CORAEPIKUTCA HUIOro, 9To
HO3BOJHIO OBl MCKIIOIUTH 06CYKEABIIYIOCH HAME 9KCTpe-
MaJbHYI0 CHTYaUMIO, H II0ITOMY HPUATHO, 4YTO fa)ke B
TAKOM H[IeaM3MPOBAHHOM CJydae IAapPajgoKC MOMKET GHTb
paspeiies,
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